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ABSTRACT
Long chain n-3 polyunsaturated fatty acids (LCn-3 PUFAs) such as EPA and 
DHA are important biomolecules regulating production in marine ecosystems. This 
study examined how the interaction at the phytoplankton-zooplankton interface affected 
the transfer of LCn-3 PUFAs to higher trophic levels. Heterotrophic dinoflagellates 
contained higher levels of EPA and DHA than their algal prey, suggesting heterotrophic 
dinoflagellates enhanced the nutritional value of poor quality algae and subsequent 
transfer to the next trophic level. Formation of EPA and DHA in the dinoflagellates 
appears to be achieved by the elongation and desaturation of shorter fatty acid chains 
rather than through de novo synthesis.
Fatty acid content in the copepod Acartia tonsa resembled the fatty acid signature 
of its prey, further supporting the idea that heterotrophs depend on their diet to obtain 
these nutrients, and their nutritional value is subject to the type of food consumed. 
Transfer of DHA to A. tonsa, was improved by feeding on a heterotrophic dinoflagellate 
grown on a poor quality algae, versus feeding on the algae itself. Thus omnivorous 
copepods may compensate dietary deficiencies by feeding on a variety of prey items.
The presence of EPA and DHA can be used as a proxy for the nutritional value of 
copepods. A. tonsa fed nutritiously poor algae also affected the fatty acid content of its 
predator. Pseudopleuronectes americanus fed low quality copepods, had lower levels of 
EPA and DHA than those fed copepods with higher levels of these fatty acids. However, 
content of these fatty acids did not have a direct effect on the growth rate of the fish. The 
finding herein does not support consumption of LCn-3 PUFAs as important factors 
regulating growth in juvenile fish. These results, albeit discouraging, are by no means 
comprehensive in elucidating the role of n-3 PUFAs for fish health. It is possible that 
due to food limitation, the effect of food quality was confounded.
Field collected data in a nursery ground for juvenile P. americanus showed that 
the quantity of EPA and DHA in the prey for the fish at the time of sampling was low. 
The low availability of these fatty acids in the plankton suggests this estuary is at times 
suboptimal for the growth and development of P. americanus. EPA and DHA are critical 
for P. americanus growth; however, the low availability of LCn-3 PUFAs does not by 
itself explain differences in growth rates. It is clear that further field studies should 
combine physical, biological and chemical factors in order to evaluate the nutritional 
status of the nursery ground.
CHAPTER 1
INTRODUCTION
The role of long chain n-3 polyunsaturated fatty acids in marine ecosystems
Long chain n-3 polyunsaturated fatty acids (LCn-3 PUFAs) are key nutrients that 
influence food quality. In marine ecosystems the availability of these biomolecules 
results in enhanced somatic growth and reproductive rates. Dietary intake of these fatty 
acids is correlated with growth and development in copepods (Koski et al. 1998; Lacoste 
et al. 2001; Tang et al. 2001), larval fish and invertebrates (Rainuzzo et al. 1997; Levine 
and Sulkin, 1984). Two important LCn-3 PUFAs are eicosapentaenoic acid (EPA; 20: 
5(n-3)) and docohexaenoic acid (DHA; 22:6(n-3)). EPA and DHA are synthesized de 
novo almost exclusively by primary producers while heterotrophs obtain them through 
bioaccumulation, or conversion of precursor fatty acids such as a-linolenic acid [18:3(n- 
3)]. However, this bioconversion is usually too slow to meet the metabolic demands of 
the organisms (Sargent and Whitde 1981).
In marine ecosystems, the level of these essential fatty acids (EFAs) in algae is 
highly variable (Morris et al. 1983). The LCn-3 PUFA content can represent as little as 
3 -7 % of the total phytoplankton fatty acids during a bloom, making the nutritive value of 
such phytoplankton bloom questionable (Morris et al. 1983). There is also evidence that 
the quantity of DHA and EPA in algae varies significantly between major taxonomic 
groups (Sargent and Whittle 1981). For example, cryptophytes have high proportions of 
EPA and DHA, while chlorophytes lack or have trace amounts of these fatty acids.
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Cyanophytes are virtually depleted of EPA and DHA, whereas diatoms are rich in EPA, 
and dinoflagellates have high amounts of DHA (Brett and Miiller-Navarra, 1997; Sargent 
and Whittle, 1981).
The availability of LCn-3 PUFAs is a critical factor influencing trophodynamics 
and biological production in the ecosystem. This pool of LCn-3 PUFAs is in turn 
influenced by the assemblage of planktonic organisms present, as well as physical and 
chemical factors. To date, few studies have looked at the transfer efficiencies of these 
fatty acids across multiple trophic levels. Poor energy transfer efficiencies between 
phytoplankton and zooplankton may be related to low LC n-3 PUFA content in the 
primary producer group and may result in limited secondary production (Muller-Navarra 
et al. 2 0 0 0 ).
Heterotrophic protists and trophic transfer of LCn-3 PUFAs
Planktonic heterotrophic protists are a diverse group of organisms ranging in size 
from 2- 200pm (Stoecker, 1990). They are ubiquitous in marine and brackish-water 
ecosystems and are important intermediaries in the transfer of energy from the microbial 
loop to higher trophic levels. They feed on bacteria, detritus, micro, pico and nano­
plankton, and are in turn consumed by metazoans (Capriulo et al. 1991). In coastal 
waters, heterotrophic protists can be the major grazers of phytoplankton, consuming 2 0 - 
70% of the primary production (Capriulo, 1990). They are also a significant component 
of copepods’ diet (Gifford and Dagg, 1991; Atkinson, 1994; Levinson et al. 2000). 
Laboratory experiments have shown that copepods have high clearance rates on 
heterotrophic protists and may even prefer them over algae (Stoecker and Egloff, 1987; 
Gifford and Dagg, 1991).
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Studies suggest some heterotrophic protists can trophically improve poor algal 
quality for subsequent use by higher trophic organisms, a phenomenon dubbed “trophic 
upgrading” (Klein Breteler et al. 1999). For example, Gyrodinium dominans increased 
the trophic carbon transfer efficiency from poor quality phytoplankton to the copepod 
Acartia tonsa by six-fold, resulting in a significantly higher egg production rate in A. 
tonsa (Tang et al. 2001). Moreover, recent literature suggests that as an intermediate 
prey, they can improve the quality and quantities of the types of fatty acids obtained from 
poor quality phytoplankton and efficiently transfer them to mesozooplankton (Kleppel et 
al. 1998; Klein Breteler et al. 1999). Although there is evidence that upgrading of 
biochemical components occurs in heterotrophic protists, the process appears to be 
species-specific and affect reproductive parameters of copepods differently. Broglio et 
al. (2003) concluded ciliates were not nutritiously superior to algal diets for egg 
production efficiency and egg viability of the copepod A. tonsa. Similarly, growth in 
juvenile copepods was not supported by feeding on the ciliate Strombidium sulcatum 
grown on Dunaliella tertiolecta (Klein Breteler et al. 2004). Biochemical analysis 
showed that fatty acids from the algae were incorporated by the ciliate without any 
modification. In addition, Tang and Taal (2005) reported differences in egg production 
efficiencies when copepods were fed heterotrophic protists grown under different algal 
treatments.
Zooplankton Nutritional Quality and Juvenile Winter Flounder
Marine fish have limited abilities to convert shorter fatty acid chains to EPA and 
DHA (Sargent et al. 1989), yet the demand for them is high, especially in juvenile stages
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(Watanabe, 1993; Bell and Sargent, 1996). Consequently, marine fish rely on dietary 
uptake of these LCn-3 PUFAS. Lack of these essential nutrients could lower productivity 
and result in failed recruitment of juveniles, while supply of these nutrients could 
increase the juvenile growth rate, reduce the amount of time spent in the critical size 
stage and reduce predation pressure (Witting and Able, 1993).
For juvenile winter flounder {Pseudopleuronectes americanus) a major challenge 
in nature is survival past the juvenile stage (Litvak, 1999). Newly settled flatfish are 
subject to size-selective mortality due to predation (Ellis and Gibson, 1995). In addition, 
because winter flounder larvae have limited energy reserves (Laroche, 1981), food 
quality and supply at the onset of feeding is critical for their survival and growth (Khemis 
et al. 2000). Many studies point to the importance of LCn-3 PUFAs for normal growth 
and survival of larval and juvenile fish (Watanabe, 1993). However, studies have shown 
that the LC n-3 PUFA content of zooplankton can be affected by the fatty acid content of 
their prey (Graeve et al. 1994; Kattner et al. 1981). If the presence of these essential fatty 
acids in zooplankton is dependent on the quality of food consumed, there are important 
repercussions for the transfer of LCn-3 PUFAs to fish when the phytoplankton 
assemblage is dominated by nutritiously poor species.
Newly settled juvenile winter flounder use shallow, nearshore estuaries as nursery 
grounds. Estuaries are highly dynamic ecosystems and biological and physical factors 
can change rapidly over time and space, causing significant differences in growth of 
juvenile winter flounder (Manderson et al. 2002). Although there is ample information on 
habitat characteristics, most of the information on their habitat is very general, including 
mostly temperature, salinity and sediment type descriptions (Gibson, 1994). In addition,
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descriptions of habitat association rarely include the juvenile stages, and the possible 
interactions among the various environmental factors that influence flatfish distribution 
and growth is poorly known (Stoner et al. 2001).
Objectives
It is evident that the transfer of LCn-3 PUFAs in food webs has the potential to 
shape food chains and affect secondary production. Phytoplankton are the primary 
producers of LCn-3 PUFAs, yet the interactions among different taxa in the plankton 
have the potential to affect the transfer of these nutrients to higher trophic levels where
demand for these fatty acids is high. The purpose of this thesis project is to examine the
(
effects of the interactions at lower trophic levels on secondary production. Towards this 
goal I used two approaches: In the laboratory I studied the efficiency by which different 
heterotrophic protists alter fatty acids obtained from microalgae, and the subsequent 
effects on the higher trophic levels. Concurrently I studied the planktonic nutritional 
environment of a juvenile winter flounder nursery. My specific research objectives are: 
(1) To investigate the ability of heterotrophic protists to produce LCn-3 PUFAs. (2) To 
compare the effects of heterotrophic and autotrophic prey on the fatty acid composition 
of the copepod Acartia tonsa. (3) To determine the effect of diet on the growth rate and 
fatty acid signature of juvenile winter flounder. (4) To assess the nutritional status of a 
winter flounder nursery with emphasis on fatty acid content of the plankton.
Thesis organization
The thesis is organized into the following chapters:
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Chapter 2: Trophic modification of essential fatty acids by heterotrophic protists and its 
effects on the fatty acid composition of the copepod Acartia tonsa. In this chapter I 
investigated the trophic upgrading abilities of two heterotrophic dinoflagellates and their 
effect on the fatty acid profile of the copepod A. tonsa.
Chapter 3: Effect of diet on the growth and fatty acid composition of juvenile winter 
flounder {Pseudopleuronectes americanus). In this chapter, I investigated the effects of 
A. tonsa fed algae with different nutritional quality on the fatty acid composition and 
growth rate of juvenile winter flounder.
Chapter 4: Nutritional quality of an estuarine nursery for juvenile winter flounder 
{Pseudopleuronectes americanus). In this chapter I assessed the nutritional quality of a 
nursery ground for juvenile winter flounder in terms of prey abundance and the LC n-3 
PUFA availability in the plankton.
Chapter 5: Summary and concluding remarks. In this chapter, I discussed how the 
results from my thesis research further our understanding of the essential fatty acid 
requirements in copepods and winter flounder, trophodynamics of essential fatty acids, 
and proposed future research work.
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CHAPTER 2
Trophic modification of essential fatty acids by heterotrophic protists 
and its effects on the fatty acid composition of the copepod Acartia tonsa
A manuscript based on this chapter, co-authored by F.L.E. Chu and K. W. Tang, has been 
accepted for publication in Marine Biology.
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ABSTRACT
To test whether heterotrophic protists modify precursors of long chain n-3 
polyunsaturated fatty acids (LCn-3 PUFAs) present in the algae they eat, two algae with 
different fatty acid contents (Rhodomonas salina and Dunaliella tertiolecta) were fed to 
the heterotrophic protists Oxyrrhis marina Dujardin and Gyrodinium dominans Hulbert. 
These experiments were conducted in August 2004. Both predators and prey were 
analyzed for fatty acid composition. To further test the effects of trophic upgrading, the 
calanoid copepod Acartia tonsa Dana was fed R. salina, D. tertiolecta, or O. marina that 
had been growing on D. tertiolecta (OM-DT) in March 2005. Our results show that 
trophic upgrading was species-specific. The presence of both eicosapentaenoic acid 
(EPA) and docosahexaenoic acid (DHA) in the heterotrophic protists despite their 
absence in the algal prey suggests the protists are capable of elongating and desaturating 
18:3(n-3), a precursor of LCn-3 PUFAs, to EPA and/or DHA. A lower content of these 
fatty acids was detected in protists that were fed good-quality algae. Feeding 
experiments with A. tonsa showed that copepods fed D. tertiolecta had a significantly 
lower content of EPA and DHA than those fed OM-DT. The concentration of EPA was 
low on both diets, while DHA content was highest in A. tonsa fed R. salina and OM-DT. 
These results suggest that O. marina was able to trophically upgrade the nutritional
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quality of the poor-quality alga, and efficiently supplied DHA to the next trophic level. 
The low amount of EPA in A . tonsa suggests EPA may be catabolized by the copepod.
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INTRODUCTION
The availability of long-chain n-3 polyunsaturated fatty acids (LCn-3 PUFAs) in 
seston is an important nutritional factor for zooplankters (Muller-Navarra et al. 2004). 
The amount of LCn-3 PUFAs such as eicosapentaenoic acid (EPA; 20:5(n-3)) and 
docosahexaenoic acid (DHA; 22:6(n-3)) in diets is correlated with growth and 
development in copepods (Koski et al. 1998; Klein Breteler et al. 1999; Tang et al. 2001). 
EPA and DHA are usually synthesized de novo by algae, while higher trophic organisms 
obtain these important molecules through bioaccumulation or by converting LCn-3PUFA 
precursors such as a-linolenic acid [18:3(n-3)], 18:4(n-3), and 18:5(n-3) to DHA and 
EPA via elongation and desaturation. However, this bioconversion is slow and usually 
does not meet the physiological demands of the organisms (Sargent and Whittle 1981).
The level of these (n-3) essential fatty acids (n-3 EFAs) in algae can be highly 
variable (Morris et al. 1983). The LCn-3PUFA content is highest during periods of rapid 
cell growth or bloom episodes (Fraser and Sargent 1989). The quantity of DHA and EPA 
in algae also varies significantly among major taxa (Sargent and Whittle 1981). Calanoid 
copepods that were fed Dunaliella tertiolecta and Phaeocystis globosa, which are 
deficient in EPA and DHA, exhibited reproductive failure and high mortality (Koski et al. 
1998; Lacoste et al. 2001; Tang et al. 2001). On the contrary, copepods feeding on the 
cryptophyte Rhodomonas salina, which is rich in LCn-3 PUFAs, exhibited high egg 
production efficiency and naupliar growth rate (Tang et al. 2 0 0 1 ).
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Besides planktonic algae, heterotrophic protists are also a significant component 
in the copepods’ diet (Gifford and Dagg 1991; Atkinson 1994; Levinson et al. 2000).
The nutritional quality of heterotrophic protists can be different from that of their algal 
food, and as prey, they can in turn support higher growth in zooplankters. For example, 
Klein Breteler et al. (1999) reported that the heterotrophic dinoflagellate Oxyrrhis marina 
grown on the EFA-deficient alga D. tertiolecta supported rapid growth of the copepods 
Temora longicomis and Pseudocalanus elongatus from naupliar stages to adulthood. 
Tang et al. (2001) also showed that heterotrophic protists as a trophic link between poor 
nutritional quality algae and copepods resulted in higher egg production and egg hatching 
success. This improvement of poor algal quality for subsequent use by higher trophic 
organisms has been termed “trophic upgrading” (Klein Breteler et al. 1999), and the 
underlying mechanisms are largely unknown. It has been suggested that heterotrophic 
protists may be able to synthesize or accumulate essential fatty acids (Kleppel et al.
1998), or convert precursor fatty acids to EPA and DHA (Broglio et al. 2003; Park et al. 
2003).
Although there is evidence that upgrading of biochemical components occurs in 
heterotrophic protists, the process appears to be species-specific and to affect 
reproductive parameters of copepods differently. For example, growth of juvenile 
copepods was not supported by feeding on the ciliate Strombidium sulcatum grown on D. 
tertiolecta (Klein Breteler et al. 2004). Biochemical analysis showed that the ciliate 
incorporated the fatty acids from the algae without any modification. Kleppel et al. 
(1998) and Broglio et al. (2003) fed bacteria and algae of different nutritional quality to 
heterotrophic protists and produced protists with different fatty acid contents. Broglio et
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al. (2003) noted that Acartia tonsa egg viability, but not egg production, was correlated 
with the ingestion of EFAs found in the heterotrophic prey. In addition, Tang and Taal 
(2005) also reported differences in egg production efficiencies when copepods were fed 
heterotrophic protists grown under different algal treatments.
Several questions about trophic upgrading remain unanswered: Are good quality 
algae upgraded as well? Do different heterotrophic protists upgrade food to the same 
extent? How does trophic upgrading affect the EFA content of zooplankton, hence its 
subsequent transfer to higher trophic levels? A study by Graeve et al. (1994) suggested 
that copepod biochemical composition resembles that of their diet. Kattner et al. (1981) 
compared the fatty acid composition of omnivorous and herbivorous copepods to their 
prey and concluded that the fatty acid composition appeared to depend on the type of 
food consumed. Zooplankters, especially calanoid copepods, are important prey items 
for larval fish. Information on the effects of diet on copepod biochemical composition is 
necessary to better understand fish recruitment and yield. The objectives of the present 
study were to investigate (1) the ability of heterotrophic protists to modify ingested EFAs 
from high and low-quality planktonic algae, and (2 ) the potential trophic upgrading 
effects of heterotrophic protists on the LCn-3 PUFA content of the copepod Acartia 
tonsa.
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MATERIALS AND METHODS
Algae, protist, and copepod cultures
The chlorophyte Dunaliella tertiolecta (CCMP 1320) and the cryptophyte 
Rhodomonas salina (CCMP 1319) were obtained from Provasoli-Guillard National 
Center for Culture of Marine Phytoplankton (CCMP) and cultured in 1-1 round-bottom 
flasks in f/2 culture medium as recommended by CCMP. Dunaliella tertiolecta and R. 
salina were chosen based on their EFA content as low- and high-quality algae, 
respectively. Algae were maintained in the log phase for biochemical analysis and 
feeding experiments by diluting the culture with new f/2  medium every few days. 
Cultures were kept in a walk-in environmental room at 19 °C on a 12 h light: 12 h dark 
cycle.
The heterotrophic dinoflagellates Oxyrrhis marina Dujardin and Gyrodinium 
dominans Hulbert were obtained from the Shannon Point Marine Center and cultured in 
f/2 medium and fed monocultures of Dunaliella tertiolecta or Rhodomonas salina. 
Cultures were started in 250-ml Pyrex bottles with approximately 40 cells ml’1. Every 
two to three days half of the culture was transferred to a 500-ml culture bottle and fed ad 
libitum for approximately two weeks. The protist cultures were maintained for more than 
five cell divisions on the experimental diets to assure equilibrium between the protist cell 
chemical contents and its algal food. This also allowed the protists to reach a high 
density (3-5 xlO3 cells ml'1) and to maintain a constant supply of the organisms for
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biochemical analysis. The bottles were placed on a rotating plankton wheel in a walk-in 
environmental room at 19 °C in the dark.
The calanoid copepod Acartia tonsa Dana was collected from the York River, 
Virginia, and maintained in 0.2-pm filtered artificial seawater (ASW) of 20 S under a 12 
h light: 12 h dark cycle. The copepods were fed Rhodomonas salina and Thalassiossira 
weissflogii for 3-4 d until used in experiments.
Feeding experiments
Cell carbon contents of Dunaliella tertiolecta (31.1 pg C cell'1), Rhodomonas 
salina (29.8 pg Ccell’1), Oxyrrhis marina (516.3 pg Ccell'1), and Gyrodinium dominans 
(270.2 pg Ccell'1) were estimated based on size-to-carbon conversion (Strathmann 1967; 
Menden-Deuer and Lessard 2000). The carbon content of A. tonsa was previously 
measured to be 4.6 pg C copepod' 1 (Tang et al. 1999).
Algae and heterotrophic protists used for lipid analysis were collected when 
cultures were in the active growth phase during August 2004. Three sub-samples from 
each planktonic alga and protist culture were taken and concentrated on GF/F filters. 
Protists were concentrated on the filter via gravitational filtration. Aliquots of all cultures 
were taken and preserved in 2% acid Lugol’s iodine for cell counts. Cell counts showed 
remnant algal food in the protists’ cultures at the time of harvest was negligible. The 
filters were stored in -80°C until lipid analysis.
Copepod feeding experiments were conducted in a walk-in environmental room at 
19°C with a 12 h light: 12 h dark photoperiod during March 2005. Three replicates of 
approximately 100 live Acartia tonsa were collected for measuring initial fatty acid
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content prior to the experiments. The copepods were then fed, in triplicate, monocultures 
of Dunaliella tertiolecta (DT), Rhodomonas salina (RS), or Oxyrrhis marina grown on 
D. tertiolecta (OM-DT). To maximize ingestion rates, all diet treatments were 
standardized to at least 300 pg C I'1. Experiments were conducted in 3-1 containers with 
40 copepods I'1. Two thirds of the water was replaced daily to prevent ammonia build-up 
and food was also replenished daily. Mortality of copepods was similar among all 
treatment groups (about 8 % day'1). After five days of feeding, the experiment was 
terminated and 121-158 live copepods were collected from each replicate treatment. All 
samples were stored at -80°C until biochemical analysis.
Lipid analyses
Total lipids were extracted by homogenizing the samples in a mixture of 
chloroform: methanol: water (2:2:1 by volume) according to Folch et al. (1957) and Bligh 
and Dyer (1959). A two-phase system was created with the upper phase (aqueous) 
containing the non-lipid impurities. The lower phase (chloroform containing lipids) was 
removed and evaporated to dryness with nitrogen. Lipids were then re-suspended in 1:1 
chloroform: methanol and stored at -20°C until fatty acid analysis. For fatty acid 
analysis, each lipid sample was transesterified with boron trifluoride (BF3) and hexane, 
and heated for 15 min at 100°C (Metcalfe and Schmitz 1961). Samples were then 
extracted with carbon disulfide, and the organic phase was evaporated under nitrogen and 
re-suspended in hexane (Marty et al. 1992). The fatty acid methyl esters (FAMEs) were 
analyzed according to Chu and Ozkizilcik (1995) using gas/liquid chromatography and 
identified by comparing their retention times with known standards (Sigma, Supelco,
16
Bellefonte, USA) and confirmed with GC/MS. Differences in fatty acid profiles among 
treatments were tested with 1-way ANOVA followed by a Tukey test.
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RESULTS
Lipid content and fatty acid composition of algae and heterotrophic protists
Rhodomonas salina had a higher total lipid content than Dunaliella tertiolecta (mean±SD 
hereafter; 246.76±34.74 and 88.00±7.65 pg mg' 1 C respectively). Dunaliella tertiolecta 
had a fatty acid composition typical of the class Chlorophyceae, which is characterized, 
with a few exceptions, by high proportions of the fatty acids 16:0 and 16:4 (n-3) and very 
little, or no C20 and C22 LCn-3 PUFAs (Ackman et al. 1968; Sargent 1976). The main 
fatty acids detected in our D. tertiolecta culture included 16:0, 16:4(n-3) and 18:3(n-3) 
(13.31+1.00,14.52±1.37,29.51±2.73 pg mg' 1 C, respectively, Table 2.1). DHA and EPA 
were not detected in D. tertiolecta (Table 2.1). In the cryptophyte Rhodomonas salina, 
the principal fatty acids observed included 14:0,16:0,18:3(n-3), and 18:4 (n-3) 
(22.87+3.52,48.12±7.61,45.36±7.42,42.30±7.06 pg mg' 1 C, respectively, Table 2.2). 
EPA (13.07±2.05 pg mg' 1 C) and DHA (13.85±4.37 pg mg' 1 C) were also found in R. 
salina (Table 2 .2 ).
The total lipid content of Oxyrrhis marina feeding on Dunaliella tertiolecta or 
Rhodomonas salina was higher (42.27±11.61 and 83.24±4.77 pg mg' 1 C, respectively) 
than the total lipid content of Gyrodinium dominans grown on either diet (22.92±10.14 
and 22.00±1.21 pg mg' 1 C, respectively). Oxyrrhis marina fed R. salina had the highest 
lipid content.
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Table 2.1 Fatty acid profile (pg mg'1 C) of Oxyrrhis marina and Gyrodinium dominans
fed on Dunaliella tertiolecta. Values are mean ± SD (n=3); tr = trace amounts (< 2%
total fatty acid); — = not detected; RT= retention time of unknown (min).
Dunaliella tertiolecta Oxyrrhis marina Gyrodinium dominans
(DT)_________________ (OM-DT)_____________ (GD-DT)___________
Saturated fatty acids
14:0 tr 0.94±0.83 1.40±0.67
15:0. — — tr
16:0 13.31±1.00 13.21±3.45 4.51 ±1.60
17:0 — — tr
18:0 — — tr
isol7:0dma — — tr
Monounsaturated fatty acids
16 l(n-7) — — tr
16 l(n-13)t 2.56±0.21 — —
18 l(n-9) 3.32±0.20 2.79±0.68 0.99±0.40
18 l(n-7 tr 1.68±0.38 1.57±0.76
17 l(n-7) 3.36±0.32 — tr
24 l(n-9) — — tr
Polyunsaturated fatty acids 
16:2(n-6) tr _ — . .
16:2(n-4) — — tr
16:3(n-6) tr — —
16:4(n-3) 14.52±1.37 tr tr
16:4(n-l) — — tr
18:2(n-6) 5.23±0.42 1.83±0.44 tr
18:2(n-4) — — tr
18:3(n-6) 2.74±0.24 tr —
18:3(n-3) 29.51±2.73 4.88±1.10 tr
18:4(n-3) tr — tr
20:3(n-3) — — tr
20:4(n-6) — — tr
20:5(n-3) — tr 1.55±0.61
22:5(n-6) — — tr
22:6(n-3) — 15.17±3.40 4.47±1.61
Unknown
RT=17.86 tr
RT= 10.79 2.36±0.27 — —
Total 88.00±7.65 42.27+11.61 22.92±10.14
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Fig. 2.1 EPA and DHA concentrations (mean ± SD) in Oxyrrhis marina and Gyrodinium 
dominans fed on Dunaliella tertiolecta (DT) or Rhodomonas salina (RS). OM= O. 
marina, GD= G. dominans. EPA and DHA were not detectable in D. tertiolecta. 
Asterisks and letters above bars indicate significance (p<0.05; 1-ANOVA), with different 
letters denoting significant difference between treatments.
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A significant amount of DHA was detected in both Oxyrrhis marina (15.17±3.40 
pg mg' 1 C) and Gyrodinium dominans (4.47±1.61 pg mg' 1 C) (Table 2.1) when fed on 
Dunaliella tertiolecta’, the DHA content in O. marina was significantly higher than that in 
G. dominans on that diet (p=0.002, Fig. 2.1). In contrast, G. dominans had a significantly 
higher concentration of EPA (1.55±0.61 pg mg' 1 C) than O. marina (< 2% total fatty 
acids) in this treatment (p< 0.006; Fig. 2.1). Except for the presence of EPA and DHA in 
the protists feeding on D. tertiolecta, the fatty acid profile of the algae and protists was 
similar, albeit the amounts of fatty acids differed.
When fed Rhodomonas salina, DHA contents of Oxyrrhis marina (24.46±9.56 pg 
mg' 1 C) and Gyrodinium dominans (6.78±1.46 pg mg' 1 C) (Table 2.2) were not 
significantly different from their algal diet, but were significantly different from each 
other (p=0.027, Fig. 2.1). The EPA content of R. salina (13.07±2.05 pg mg' 1 C) was 
significantly higher than that of O. marina (2.55±0.94 pg mg' 1 C) and G. dominans 
(1.95±0.24 pg mg' 1 C) (p< 0.001). There were no significant differences in EPA 
concentration between the two heterotrophic dinoflagellates (Fig. 2.1).
Some differences were observed in protists fed different algae. For example, 
Oxyrrhis marina fed Dunaliella tertiolecta (OM-DT) had detectable concentrations of 
18:l(n-9), while only a trace amount of EPA (<2% of total fatty acids) was detected. On 
the other hand, only trace amounts of 18:l(n-9) were detected in O. marina fed 
Rhodomonas salina (OM-RS), but the protist contained 2.55±0.94 pg mg' 1 C of EPA. 
Contrarily, Gyrodinium dominans grown on both algae had similar profiles and 
concentrations of fatty acids (Tables 2.1 & 2.2).
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Table 2.2. Fatty acid profile (pg mg'1 C) of Oxyrrhis marina and Gyrodinium dominans
fed on Rhodomonas salina. Values are mean ± SD (n=3); tr = trace amounts (< 2% total
fatty acid); — = not detected; RT= retention time of unknown (min)
Rhodomonas salina 
(RS)
Oxyrrhis marina 
(OM-RS)
Gyrodinium dominans 
(GD-RS)
Saturated fatty acids
12:0 — tr —
13:0 — tr —
14:0 22.87±3.52 3.15±1.12 2.06±0.24
15:0 tr — tr
16:0 48.12±7.61 16.99±6.16 4.73±0.76
17:0 tr tr tr
18:0 tr tr tr
17:0dma tr tr —
isol7:0dma tr — tr
22:0 — tr —
24:0 — — tr
Monounsaturated fatty acids
14 l(n-7) tr —
16 l(n-13)t tr tr —
16 l(n-9) tr — —
16 l(n-7) tr tr tr
16 l(n-5) — tr —
18 l(n -ll) tr tr —
18 l(n-9) 12.84±1.95 tr 0.91±0.29
18 l(n-7) tr 4.22±1.60 1.49±0.39
20 ldma — tr —
20 l(n-9) — tr —
Polyunsaturated fatty acids
16:3(n-6) — tr —
16:3(n-3) — tr —
16:4(n-3) — tr —
16:4(n-l) — tr —
18:2(n-6) 17.60±2.65 2.99±1.27 tr
18:3(n-6) tr tr —
18:3(n-3) 45.36±7.42 3.80±1.63 tr
18:4(n-3) 42.30±7.06 tr tr
20:3(n-3) — tr —
20:4(n-6) tr tr —
20:5(n-3) 13.07±2.05 2.55±0.94 1.95±0.24
22:5(n-6) — tr tr
22:5(n-3) tr tr —
22:6(n-3) 13.85±4.37 24.46±9.56 6.78±1.46
24:l(n-9) — tr —
Unknown — — —
RT=12.33 — — tr
Total 246.76±34.74 83.24±4.77 22.00±1.21
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Fatty acids of bacterial origin (branched and odd chains) were detected in small 
concentrations (Tables 2.1 & 2.2) in algal and protist cultures because cultures were not 
axenic. Although it is possible that the protists may have consumed some of the ambient 
bacteria present in the seawater, it is likely that these fatty acids came from free-living 
bacteria which were retained on the filters during filtration.
Lipid content and fatty acid composition of Acartia tonsa
Prior to the feeding experiments, Acartia tonsa, fed a mixture of Rhodomonas 
salina and Thalassiossira weissflogii, had a total lipid content of 91.69±14.13 pg mg' 1 C 
(Table 2.3). Fatty acids such as 12:0 and 16:0 were the most abundant saturated fatty 
acids, while the monounsaturated fatty acid, 16:l(n-7) and the polyunsaturated fatty acids 
18:3 (n-3), 20:5(n-3), and 22:6(n-3) were also present but in lower amounts (Table 2.3).
Acartia tonsa in the Rhodomonas salina treatment (RS) had a higher total lipid 
content (143.47±16.24 pg mg' 1 C) than either in the Dunaliella tertiolecta treatment (DT; 
92.16±11.61 pg mg' 1 C) or the Oxyrrhis marina treatment (OM-DT; 96.74±9.17 pg mg' 1 
C). All copepods in the experiments were >200 pm (total length) and of comparable size. 
Saturated fatty acids such as 14:0, 16:0 and 18:0, which are typical of calanoid copepods, 
were present in high concentrations in the RS treatment Copepods in the DT and OM- 
DT treatments had lower amounts of 14:0 (Table 2.3).
Differences in the fatty acid profile of Acartia tonsa among the diet treatments 
were also observed. Copepods in the OM-DT treatment had a low amount of 18:3(n-3) 
(5.28±0.43 pg mg' 1 C), while those in the DT treatment contained 34.50±22.21 pg mg' 1 C
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Table 2.3. Fatty acid profile (pg mg'1 C) of Acartia tonsa fed on algae and heterotrophic
dinoflagellate. Values are mean ± SD (n=3); tr = trace amounts (< 2% total fatty acid); —
- = not detected; RT= retention time of unknown (min)
Initial Dunaliella 
tertiolecta (DT)
Rhodomonas 
salina (RS)
Oxyrrhis 
marina (OM- 
DT)
Saturated fatty acids
12:0 55.62±3.36 18.66±9.71 26.78±6.56 25.71 ±1.47
14:0 9.75±1.42 4.82±0.89 10.81±2.95 4.03±0.37
16:0 42.90±3.02 49.35±8.15 42.32+5.97 41.34±2.73
18:0 9.36±0.65 11.25±0.60 14.87±0.87 9.56±1.77
2 2 :0 tr tr tr tr
24:0 tr — tr tr
M(
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mounsaturated fatty acids 
l(n-7) 23.96±2.88 7.95±3.96 9.26±1.91 5.34±0.33
16 l(n-5) tr tr tr tr
16 l(n-13)t tr tr tr tr
18 l(n-ll) tr tr tr tr
18 l(n-9) tr 4.46±1.83 tr tr
18 l(n-7) 6.33±0.40 tr 8.44±1.34 4.37±0.50
2 0 l(n-9) tr tr tr tr
2 0 l(n-7) — tr — —
2 2 l(n -ll) tr tr tr tr
Polyunsaturated fatty acids 
16:2(n-4) tr _ . . .
16:3(n-6) tr tr tr 3.90±0.76
16:3(n-4) — tr tr tr
16:4(n-3) — tr tr tr
16:4(n-l) tr — tr tr
18:2(n-6) tr tr 6.57±1.23 tr
18:2(n-6)t — tr tr —
18:3(n-6) tr tr tr tr
18:3(n-3) 15.62±1.31 34.50±22.2 30.88±7.62 5.28±0.43
18:4(n-3) 13.73±1.55 tr 31.24±9.05 tr
20:4(n-6) tr tr tr tr
20:3 (n-3) — tr tr tr
20:5(n-3) 16.92±1.36 6.53±4.09 21.94±4.02 7.54±0.63
22:5(n-6) — tr tr —
22:5(n-3) tr tr tr tr
22:6(n-3) 14.59±1.15 8.30±5.27 27.72±3.08 36.00±5.25
unknown 
RT= 18.20 
Total
5.25±0.81
91.69±14.13 92.16±11.61 143.47±16.24 96.74±9.17
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(Table 2.3). Only a trace amount of 18:4(n-3) was detected in copepods in the DT and 
OM-DT treatments. Copepods fed Rhodomonas salina (RS) had the highest 
concentrations of both 18:3(n-3) and 18:4(n-3) (Table 2.3). The fatty acid 16:4(n-3), 
which was relatively high in Dunaliella tertiolecta, was found only in trace amounts in A. 
tonsa fed this alga. Fatty acids of bacterial origin were also detected in trace amounts in 
the copepod cultures.
The highest concentration of EPA was found in copepods fed Rhodomonas salina 
(21.94±4.02 jig mg' 1 C; Table 2.3) and the content was significantly higher than those fed 
the other two diets (p< 0.001; Fig. 2.2). EPA concentrations in the other two treatments 
were 6.53±4.09 and 7.54±0.63 pg mg' 1 C (Table 2.3). The DHA concentration in Acartia 
tonsa in the DT treatment (8.30± 5.27 pg mg' 1 C) was significantly lower than that in the 
RS treatment (27.72± 3.08 pg mg' 1 C) and the OM-DT treatment (36.00± 5.25 pg mg' 1 C) 
(p<0.001 ; Fig. 2.2).
Comparison of the fatty acid profiles between initial copepod samples and 
copepods in the three diet treatments shows that the EPA content of Acartia tonsa 
decreased significantly when fed Dunaliella tertiolecta (p=0.014; Fig. 2.2) and Oxyrrhis 
marina (p=0.001; Fig. 2.2). The turnover rates of EPA on these diets were -2.08 and - 
1.88 pg mg' 1 C day'1, respectively (Table 2.4). In contrast, DHA content of the copepod 
increased significantly when fed Rhodomonas salina (2.63 pg mg' 1 C day'1) and O. 
marina (4.23 pg mg' 1 C day'1; Table 2.4) (p=0.002; Fig. 2.2). The mean DHA content in 
copepods fed D. tertiolecta was lower but not significantly different from the initial 
copepods (Fig. 2.2).
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Fig. 2.2 Initial and final EPA and DHA concentrations in Acartia tonsa. (mean ± SD) on 
three treatment diets. (DT= Dunaliella tertiolecta; RS= Rhodomonas salina; OM-DT= 
Oxyrrhis marina grown on Dunaliella tertiolecta). (n=3) Letters above bars indicate 
significance (p<0.05; 1-ANOVA), with different letters denoting significant difference 
between treatments.
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Table 2.4. Turnover rates of EPA and DHA in Acartia tonsa on the three diet treatments 
in terms of net change (pg mg C' 1 day1) and percent change (% day1). Values were 
calculated based on the initial EPA and DHA contents of A. tonsa (Table 2.3). Negative 
values indicate net loss; positive values indicate net gain. DT= Dunaliella tertiolecta; 
RS= Rhodomonas salina; OM-DT= Oxyrrhis marina grown on D. tertiolecta
Turnover rate
(pg mg C 1 day1) (%  day1)
EPA
DT -2.08 -12.28
RS 1 .0 0 5.93
OM-DT - 1 .88 -11.09
DHA
DT -1.26 -8.62
RS 2.63 18.00
OM-DT 4.23 29.35
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DISCUSSION
The present study suggests that trophic upgrading is specific to the species of 
algae and heterotrophic protists involved. The alga Dunaliella tertiolecta lacks both EPA 
and DHA, but significant amounts of both were detected in the two heterotrophic 
dinoflagellates, Oxyrrhis marina and Gyrodinium dominans, that fed on D. tertiolecta. 
These results are consistent with those of Klein Breteler et al. (1999), who also detected 
high levels of DHA in O. marina fed D. tertiolecta. Our results and previous studies 
suggest that the heterotrophic protists convert long chain (n-3) polyunsaturated fatty acid 
precursors in D. tertiolecta to EPA and DHA, thereby providing better nutrition for 
higher trophic organisms. For example, D. tertiolecta is readily ingested by copepods, 
but it does not support growth in many copepod species (Stottrup and Jensen 1990; Koski 
et al. 1998). Tang and Taal (2005) reported that Acartia tonsa fed O. marina that grew 
on D. tertiolecta had a higher egg production rate and egg hatching success than A. tonsa 
that fed on D. tertiolecta directly, despite the higher ingestion rates observed with the 
algal diet. Similarly, O. marina that was fed D. tertiolecta supported rapid growth and 
development of two other copepod species, Temora longicornis and Pseudocalanus 
elongatus (Klein Breteler et al. 1999).
In addition to EPA and DHA, Klein Breteler et al. (1999) also reported the 
presence of cholesterol, brassicasterol, and other sterols in Oxyrrhis marina fed 
Dunaliella tertiolecta. No sterol was detected in D. tertiolecta (Klein Breteler et al.
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1999), although various phytoesterols are present in algae (Kayama et al. 1989; Soudant 
et al. 1996, 1998). Sterols are necessary for cell structure and functioning, reproduction, 
and growth (Ederington et al. 1995). Cholesterol is the principal sterol in crustaceans 
(Goad 1981). Because copepods are incapable of synthesizing sterols de novo, they must 
rely on their diets to obtain these compounds. Thus, the absence of sterols in D. 
tertiolecta could also be responsible for the low egg production observed in copepods fed 
this alga. The ability of O. marina to synthesize or modify sterols further emphasizes the 
important role of heterotrophic protists in trophic upgrading.
Since Dunaliella tertiolecta lacks EPA and DHA, the DHA and/or EPA detected 
in the two heterotrophic dinoflagellates apparently did not come from bioaccumulation, 
although this is typically the mechanism by which most organisms in higher trophic 
levels obtain their EFAs. Heterotrophs are generally believed incapable of synthesizing 
EFAs. So far only the heterotrophic dinoflagellate Crypthecodinium cohnii (Barclay et 
al. 1994) and the marine zooflagellate Bo do sp. (Zhukova and Kharlamenko 1999) are 
known to synthesize DHA. Kleppel and Burkart (1995) and Kleppel et al. (1998) did not 
detect any EFAs in O. marina grown on yeast, which lacks EPA, DHA, and other 
PUFAs. Thus it is likely that O. marina acquired precursors such as a-linolenic acid and 
18:4 (n-3) from D. tertiolecta, and synthesized DHA via elongation and desaturation 
rather than by de novo synthesis of DHA. While D. tertiolecta had a relatively high level 
of a-linolenic acid (29.51±2.73pg mg' 1 C), Gyrodinium dominans fed with this alga had 
only a trace amount of this fatty acid. These results lead us to hypothesize that a- 
linolenic acid, perhaps along with other shorter chain n-3 fatty acids [16:4(n-3)] obtained 
from the algal food, were used by the protists to produce EPA and DHA. This pathway is
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typical among marine algae and mosses (Gurr et al. 2002). Nevertheless, it is unlikely 
that all the 18:3(n-3) and other short chain n-3 fatty acids present in D. tertiolecta were 
utilized to produce DHA and EPA. Some of them may have been consumed for energy. 
The capability to synthesize EFAs from precursor fatty acids has also been demonstrated 
in a protozoan Parauronema acutum (Sul and Erwin 1997), another copepod 
Paracalanus parvus (Moreno et al. 1979), and the oyster Crassostrea virginica (Chu and 
Greaves 1991); however, this bioconversion appears inefficient in maintaining optimal 
growth rates for the studied invertebrates.
In the high food quality treatment, Rhodomonas salina had a significantly higher 
concentration of EPA than either Oxyrrhis marina (OM-RS) or Gyrodinium dominans 
(GD-RS) fed with this alga, while DHA concentration was not significantly different. 
Concentrations of other fatty acids were also lower in the two heterotrophic protists 
compared to the alga. It is likely that most of the DHA and EPA found in both protists 
was assimilated from the algal food rather than synthesized from precursors such as 
18:3(n-3) and 18:4(n-3), which are abundant in R. salina. Also, it appears that when 
heterotrophic protists feed on phytoplankton rich in EPA and DHA, they preferentially 
accumulate DHA over EPA. Dietary EPA may he metabolized by the protists for energy 
or other physiological demands. Tang and Taal (2005) reported lower egg production 
efficiency in Acartia tonsa when O. marina (RS) was the prey, versus when A. tonsa fed 
on the alga directly. The lower content of EPA detected in the protist on this diet could 
be responsible for the lower egg production efficiency in A. tonsa.
Regardless of the diets both protists had less EPA than DHA, and Klein Breteler 
et al. (1999) and Broglio et al. (2003) reported that heterotrophic dinoflagellates tend to
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be richer in DHA than in EPA. The difference in concentration of the fatty acids 
suggests that (1) there may be a higher demand for DHA in heterotrophic protists or (2) 
EPA is further elongated and desaturated to produce DHA, or (3) EPA is utilized as an 
energy source.
There were also differences in DHA concentration between the two heterotrophic 
dinoflagellates. Oxyrrhis marina was significantly richer in DHA than Gyrodinium 
dominans when fed on the same algal food (Dunaliella tertiolecta). It is not known 
whether copepods require a high ratio of DHA to EPA in their diets for growth and 
development. A high ratio of DHA to EPA in the diet is critical for growth and 
development of larval and juvenile fish (Watanabe 1993; Rainuzzo et al. 1997). Although 
both O. marina and G. dominans upgraded their food, if the demand for DHA is higher 
than EPA for effective reproduction, then O. marina (DT) may have a higher nutritional 
quality than G. dominans (DT) for Acartia tonsa. Tang and Taal (2005) reported that the 
egg production efficiency of A. tonsa was significantly higher with O. marina fed D. 
tertiolecta than with G. dominans fed D. tertiolecta. DHA concentration was also lower 
in G. dominans (GD-RS) than in O. marina (OM-RS). The lower concentration of DHA 
in G. dominans suggests that EFA enrichment capabilities may vary among protist 
species.
It is well documented that long chain (n-3) PUFAs are important for growth and 
development in marine calanoid copepods (JOnasdOttir 1994; JOnasdottir and Kiorboe 
1996), but few studies have examined the potential trophic upgrading effects on the 
biochemical composition of copepods. In the present study, we compared the effects of 
heterotrophic and autotrophic diets on the EFA content of Acartia tonsa. Copepods that
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fed on Dunaliella tertiolecta had a significantly lower content of EPA and DHA. In 
contrast, A. tonsa feeding on Oxyrrhis marina grown on this alga had the highest 
concentration of DHA, suggesting that O. marina had trophically upgraded the nutritional 
value of the poor-quality alga, and efficiently provided DHA to the next trophic level. 
Based on the carbon content and fatty acid content per cell of Rhodomonas salina (EPA= 
9.7xl0‘7 pg cell'1; DHA= 1.03xl0~6 pg cell1) and Oxyrrhis marina (EPA=2.5xlO"7 pg 
cell"1; DHA=1.96xlO"5 pg cell"1), we calculated that the observed EPA and DHA content 
of A. tonsa was equivalent to 3.10-71.60 pg C of the food. Tang and Taal (2005) 
reported ingestion rates of A. tonsa, with the same diets and food concentrations as in the 
present study, ranging from 2.2 to 5.4 pg C ind"1 day"1. Assuming a gut passage time of 
60 min for A. tonsa at 17-19 °C (Arashkevich 1977), the copepods would have contained 
at most 0.09-0.23 pg C ind' 1 in their gut at the time of sampling. This analysis shows that 
the detected EPA and DHA in the copepods were due to not remnant food in the guts but 
fatty acids assimilated into the copepod body tissues.
Although Dunaliella tertiolecta lacks EPA and DHA, it is a rich source of a- 
linolenic acid, which could fulfill the demand for LCn-3 PUFAs in the copepods. 
However, studies show that copepods continuously feeding on D. tertiolecta suffer from 
female sterility, oocyte deterioration (Lacoste et al. 2001), poor growth and development 
(Koski et al. 1998). EPA and DHA were detected in A. tonsa that fed on D. tertiolecta, 
but at low concentrations. The EPA and DHA detected in A. tonsa in the D. tertiolecta 
treatment likely originated from the two algae, Rhodomonas salina and Thalassiossira 
weissflogii, that were used to feed the copepods prior to the feeding experiments since 
both DHA and EPA declined in A. tonsa after feeding with D. tertiolecta for 5 days.
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Moreover, there was an abundance of 18:3(n-3) in A. tonsa fed with this alga and 
Rhodomonas salina. Like R. salina, Thalassiossira weissflogii also contains both EPA 
and DHA (Soudant and Chu, unpublished data). Nevertheless, the ability to convert a- 
linolenic acid into EPA and DHA has been demonstrated in the calanoid copepod 
Paracalanus parvus (Moreno et al. 1979) and in some harpacticoid copepod species 
(Norsker and Stottrup 1994; Nanton and Castell 1998). Desvilletes et al. (1997) also 
suggested that the cyclopoid Eucyclops serrulatus may convert a-linolenic acid into 
DHA. However, Brett and Muller-Navarra (1997) argued that this bioconversion is too 
slow to support growth and development. The lack or low availability of dietary EPA 
and DHA might have contributed to the poor reproductive and growth capabilities often 
observed in marine calanoid copepods, although EPA and DHA may not be the sole 
factors essential for growth and reproduction.
Rhodomonas salina is considered a good-quality alga due to its ability to support 
high egg production and naupliar growth rates in copepods (Tang et al. 2001). Acartia 
tonsa that were fed R. salina had high concentrations of EPA, DHA, and a-linolenic acid. 
The high content of (n-3) EFAs in the profile of R. salina, as well as in the copepods that 
fed on it, indicate an efficient transfer of essential nutrients at the phytoplankton- 
zooplankton interface.
Long chain n-3 PUFAs are vital to marine organisms for proper growth and 
development (Brett et al. 1997). Planktonic algae are viewed as the primary producers of 
LCn-3 PUFAs, while organisms in higher trophic levels obtain these nutrients mainly 
through bioaccumulation. However, evidence that heterotrophic protists may act as 
modifiers and/ or producers of LCn-3 PUFAs is mounting. In this study, both Oxyrrhis
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marina (OM-DT) and Gyrodinium dominans (GD-DT) enhanced the amount of DHA and 
EPA when feeding on nutritionally poor algae. Heterotrophic dinoflagellates are 
ubiquitous in marine ecosystems and a valuable component in the diet of zooplankters. 
The interactions between planktonic algae and heterotrophic protists may be important 
factors regulating the production and subsequent transfer of EFAs in marine food webs 
(Brett and Muller-Navarra 1997). In the present study we also showed that the EFA 
content of Acartia tonsa depended on its diet. Assuming that A. tonsa did not produce 
any EPA or DHA and that the increase or decrease is linear, feeding on D. tertiolecta 
resulted in a loss of 12.28% EPA and 8.62% DHA day' 1 compared to the initial contents 
in A. tonsa, and feeding on OM-DT resulted in a loss of 11.09% EPA and a 
bioaccumulation of 29.35% DHA day1. This dependency could have important 
repercussions for the transfer of EFAs to higher trophic levels since changes can occur 
quite rapidly. DHA demand is high in marine fish, especially larvae and juveniles, which 
require DHA for optimum growth and development (Watanabe 1993; Bell and Sargent 
1996; Rainuzzo et al. 1997). Poor transfer of this fatty acid to developing fish could 
lower productivity and result in failed recruitment. Further research is necessary to 
determine if trophic upgrading is common among marine heterotrophic protists and if so, 
what biochemical mechanisms (e.g. de novo synthesis and/or modification of precursors) 
allow the production of EFAs and other biochemical compounds in heterotrophic protists, 
and how changes in EFA content at the base of the food chain affect production in higher 
trophic levels.
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CHAPTER 3
Effect of diet on growth and fatty acid composition of juvenile winter 
flounder (Pseudopleuronectes americanus)
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ABSTRACT
The effect of diet on the growth and fatty acid composition of juvenile winter 
flounder (Pseudopleuronectes americanus) was studied by examining the transfer of long 
chain n-3 polyunsaturated fatty acids (LCn-3 PUFAs) such as eicosapentaenoic acid 
(EPA; 20:5(n-3)) and docosahexaenoic acid (DHA; 22:6(n-3)) across multiple trophic 
levels. In this study we fed the calanoid copepod Acartia tonsa two microalgae with 
different total fatty acid and EPA and DHA contents for 3-4 days and then fed the 
copepods to recently settled P. americanus for ten days. The change in weight and length 
of the fish was measured, and the copepods as well as the fish were analyzed for fatty 
acid composition. Growth of the fish in length was similar between diet treatments. 
However, the LC n-3 PUFA content in the tissues of P. americanus differed between 
treatments. Copepods fed the microalga Dunaliella tertiolecta {A. tonsa-DT) had a 
significantly lower content of DHA than those fed Rhodomonas salina (A. tonsa-RS), and 
the fish that were fed A. tonsa-RS had significantly higher levels of DHA in their tissues 
than the fish fed A. tonsa-DT. The concentration of EPA was also higher in the fish fed 
A. tonsa-RS despite similarity in EPA and total fatty acid contents in A. tonsa-RS and A. 
tonsa-DT. Although qualitatively the fatty acid composition of juvenile winter flounder 
closely resembled the fatty acid signature of its food, most of the fatty acids declined 
along with total fatty acid content. This suggests that the fish were underfed and they 
might have consumed lipids (fatty acids) for energy.
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INTRODUCTION
Recently, the decline in commercial value of Atlantic salmon has pressured the 
aquaculture industry to find and develop new species for aquaculture. Winter flounder, 
Pseudopleuronectes americanus, has been identified as a valuable commercial species 
due to its high adaptability to culture conditions and fast growth. This species is very 
hardy and can tolerate low temperatures (Litvak, 1999). It has a wide geographical range 
on the east coast of the United States, extending from Georgia to Labrador (Bigelow and 
Shoreder, 1953).
During the winter, adult P. americanus migrate from pelagic waters to the upper 
portions of estuaries to spawn. Eggs are demersal and hatching can take up to 3 weeks, 
depending on temperature conditions. Larvae are very small, approximately 2.4 mm 
standard length at hatching (Litvak, 1999). During metamorphosis about 5-6 weeks after 
hatching, the left eye migrates to the right side and the larva resembles an adult.
Juveniles remain in the estuary until they reach adulthood and can migrate offshore 
during the summer.
A major challenge for P. americanus in nature is survival past the juvenile stage 
(Litvak, 1999). Newly settled flatfish are subject to size-selective mortality due to 
predation (Ellis and Gibson, 1995). In addition, due to their limited range of movement, 
growth and survival are also affected by local abiotic and biotic factors in the 
environment such as temperature, salinity, food availability and quality (Manderson et al.
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2002; Gibson, 2005). While the quality and quantity of nutrients required for optimal 
growth in fish varies from species to species and between life stages, it is generally 
accepted that long chain n-3 polyunsaturated fatty acids (LCn-3 PUFAs) such as 
eicosapentaenoic acid (EPA; 20:5(n-3)) and docosahexaenoic acid (DHA; 22:6(n-3)) are 
essential for optimal growth and development (Watanabe, 1993). DHA is particularly 
important for normal formation of neural tissue and eye development. In larval fish, 
DHA is necessary for the development of retina and brain (Bell and Sargent, 1996). A 
deficiency in DHA limited the ability of juvenile herring to feed at low light intensities 
(Bell et al. 1995). Bell and Sargent (1996) suggested lack of DHA could lead to 
starvation, and perhaps affect predator avoidance behavior. Dietary deficiency of DHA 
has also been linked to malpigmentation in larval and juvenile flatfish (Estevez and 
Kanazawa, 1996) and behavioral abnormalities in herring larvae (Navarro and Sargent, 
1992). Watanabe (1993) concluded that diets with a higher DHA: EPA ratio was better 
for healthy development of larval marine fish.
Larval growth in flatfishes varies greatly between species. These variations are 
due to differences in the amount of yolk-sac at hatching, yolk utilization rates and 
variations in mouth size (Gibson, 2005). Newly hatched larvae of P. americanus are 
poorly developed and have limited energy reserves (Laroche, 1981). Food quality and 
supply at the onset of feeding is critical for juvenile production (Khemis et al. 2000). 
Winter flounder are visual predators, foraging primarily during the day. In New Jersey 
estuaries, newly setded P. americanus feed mostly on calanoid copepods, accounting for 
nearly 70% of their stomach contents (Stehlik and Meise, 2000). It has been shown that 
the LCn-3 PUFA content of zooplankton is dependent on the fatty acid composition of its
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food. Veloza et al. (in press, Chapter 2) reported that the copepod Acartia tonsa fed 
microalgae that lacked EPA and DHA had lower levels of these fatty acids than 
copepods fed microalgae rich in EPA and DHA. Because the presence of these essential 
fatty acids in zooplankton is dependent on the quality of food they consume, there are 
important repercussions for the transfer of these essential fatty acids (EFAs) to higher 
trophic levels when the phytoplankton assemblage is dominated by nutritiously poor 
species. Marine fish have limited abilities to bioconvert shorter fatty acid chains (Cl8 n-3 
PUFAs) to EPA and DHA (Sargent et al., 1989) yet demand for them is high, especially 
in larval and juvenile stages (Watanabe, 1993; Bell and Sargent, 1996). Consequently, 
marine fish rely on dietary uptake of these EFAs. Lack of these essential nutrients could 
lower productivity and result in failed recruitment of juveniles, while obtaining EFAs at 
this critical stage could increase the growth rate, thereby lowering the mortality risk.
In this chapter, a study investigating the transfer of n-3 PUFA from microalgae to 
copepod to juvenile winter flounder, and the subsequent effects on the growth rate of the 
fish is described.
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MATERIALS AND METHODS
Algae, copepod, and fish maintenance
The chlorophyte Dunaliella tertiolecta (CCMP 1320) and the cryptophyte 
Rhodomonas salina {CCMP 1319) were obtained from Provasoli-Guillard National 
Center for Culture of Marine Phytoplankton (CCMP) and cultured in 1-1 round-bottom 
flasks in f/2 culture medium as recommended by CCMP. Dunaliella tertiolecta and R. 
salina were chosen based on their EFA content as low- and high-quality algae, 
respectively. Algae were maintained in the log phase for feeding experiments by diluting 
the culture with new f/2 medium every few days. Cultures were kept in a walk-in 
environmental room at 19 °C on a 12 h light: 12 h dark cycle.
The calanoid copepod Acartia tonsa Dana was collected from the York River, 
Virginia, and maintained in 0.2-pm filtered artificial seawater (ASW) of 20 ppt under a 
12 h light: 12 h dark cycle. The copepods were fed R. salina or D. tertiolecta for 3-4 
days before they were fed to the fish. Veloza et al. (Chapter 1, in press) reported that the 
fatty acid composition of A. tonsa feeding on these two diets differed significantly after 
five days.
Laboratory reared Pseudopleuronectes. americanus were obtained from the 
NOAA James Howard Marine Science Laboratory. Prior to the experiments, the fish 
were raised at 10 °C and fed newly hatched Artemia nauplii (2 ml'1) twice a day. When 
fish reached 19-23 mm in length, they were collected and transported to the Virginia
41
Institute of Marine Science. The fish were placed in ASW (32 ppt) and kept in a walk-in 
environmental room (19 °C) on a 12 h light: 12  h dark cycle and fed newly hatched 
Artemia for 12 d before feeding experiments.
Feeding experiments
The Pseudopleuronectes americanus feeding experiments were conducted in a 
walk-in environmental room at 19°C with a 12 h light: 12 h dark photoperiod during June 
2005. Prior to the experiments five replicate P. americanus were sampled to measure 
their initial fatty acid content. The fish were measured (total length TL) and weighed 
(±0.01 g) and placed in 1 ml centrifuge tubes at -80 °C until fatty acid analysis. For the 
experiments, six fish were sampled randomly per treatment, measured and weighed, and 
placed individually in a clear 1.5-1 container filled with 100 ml of 32 ppt ASW. Fish 
were not fed for 24 h to allow for acclimation to standardize feeding motivation (Shaheen 
et al., 2001). After acclimation, fish were fed Acartia tonsa that had been feeding on D. 
tertiolecta (A. tonsa-DT), or Rhodomonas salina (A. tonsa-RS). Prey density ranged 
from 3.9-4.5 copepods ml'1. Food and water were changed daily; copepods that were not 
consumed were counted daily to obtain the ingestion rate of the fish. After ten days of 
feeding, the experiments were terminated and the fish were again measured and weighed. 
All fish samples were individually stored in 1 ml centrifuge tubes, and placed at -80°C 
until lipid analysis.
During the feeding experiments, the fatty acid composition of Acartia tonsa was 
analyzed to verify that EPA and DHA content of copepods in the same treatment did not 
change over time but was different between treatments. Three replicates of
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approximately 80-90 live Acartia tonsa fed the two algal treatments were collected every 
3-4 days. All samples were stored at -80°C until lipid analysis.
Lipid analysis
For lipid analysis, the fish were dissected and a 6-9 mg portion of tissue above the 
peduncle was used. For their prey, the whole copepod sample was used for analysis. 
Lipid was extracted by homogenizing the samples in a mixture of chloroform: methanol: 
water (2:2:1 by volume) according to Folch et al. (1957) and Bligh and Dyer (1959). A 
two-phase system was created with the upper phase (aqueous) containing the non-lipid 
impurities. The lower phase (chloroform- containing lipids) was removed and evaporated 
to dryness with nitrogen. Lipids were then re-suspended in 1:1 chloroform: methanol and 
stored at -20°C until fatty acid analysis. For fatty acid analyses, each lipid sample was 
transesterified with boron trifluoride (BF3) and hexane, and heated for 15 min at 100°C 
(Metcalfe and Schmitz, 1961). Samples were then extracted with carbon disulfide, and 
the organic phase was evaporated under nitrogen and re-suspended in hexane (Marty et 
al., 1992). The fatty acid methyl esters (FAMEs) were analyzed according to Chu and 
Ozkizilcik (1995) using gas/liquid chromatography and identified by comparing their 
retention times with known standards (Sigma, Supelco, Bellefonte, USA). Differences in 
fatty acids among treatments were tested with 1-way ANOVA followed by a Tukey HSD 
pairwise comparison of means.
43
RESULTS
Lipid content and fatty acid composition of Acartia tonsa
Acartia tonsa in the Rhodomonas salina treatment had comparable total lipid 
content (mean±SD hereafter; 229.8±20.8pg mg' 1 C) with A. tonsa in the Dunaliella 
tertiolecta treatment (248.7±13.8pg mg' 1 C) (Table 3.1). Previously we found A. tonsa 
fed with R. salina had higher total fatty acid content and EPA and DHA as well. All 
copepods in the experiments were >200 pm (total length) and of similar size. The most 
abundant fatty acids in A. tonsa-DT and A. tonsa-RS included 12:0, 16:0 and 18:0. EPA 
content was not different between the treatments. In A. tonsa-RS it ranged from 3.2-4.3 
pg mg' 1 C, while in A. tonsa-DT it ranged from 2.3-6.4 pg mg' 1 C (Fig 3.1). The DHA 
concentration in A. tonsa-DT treatment ranged from 4.2±1.0 to 5.2±1.2 pg mg*1 C, and 
was significantly lower than that in A. tonsa-RS treatment (5.4± 1.8 to 7.3±1.0 pg mg' 1 
C; p=0.017; Fig. 3.1). Both EPA and DHA concentration did not change over time in 
both treatments. The DHA: EPA ratio in copepods fed R. salina was higher (1.65) but 
not significantly different than those fed D. tertiolecta (1.11).
Ingestion rates and growth of juvenile winter flounder
Juvenile winter flounder feeding on A. tonsa-DT had higher average ingestion 
rates than those feeding on A. tonsa-RS (320 and 266 copepods day'1, respectively;
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Table 3.1. Mean fatty acid content (jig mg' 1 C) of Acartia tonsa fed Rhodomonas salina 
(A. tonsa-RS) or Dunaliella tertiolecta (A. tonsa-DT). Values are mean ± SD (n=3); tr = 
trace amounts (< 2% total fatty acid); — = not detected; RT= retention time of unknown 
(min).
A. tonsa-DT A. tonsa-RS
fatty acids 4.7±0.5 6.3±1.0
14:0 8.5±0.2 8.2±0.9
16.0 49.5±1.3 46.8±5.8
17 0 tr tr
18 0 13.2± 0.9 12.2±1.6
18 Odma tr —
20 0 tr tr
22 0 tr tr
24 0 tr tr
Monounsaturated fatty acids
16 l(n-7) 5.2±0.3 4.8±0.9
16 l(n-5) tr tr
16 l(n-13)t tr tr
17 l(n-7) tr tr
18 l(n-ll) tr tr
18 l(n-9) 4.6± 0.2 5.0±0.6
18 l(n-7) 5.3± 0.2 5.3±0.6
20 l(n-9) 3.6±0.2 3.3±0.2
20 l(n-7) tr tr
22 l(n-ll) tr tr
22 l(n-9) tr tr
24 l(n-9) tr tr
Polyunsaturated fatty acids
16 2(n-7) tr —
16 3(n-6) 6.5± 0.1 6.3±0.7
16 3(n-4) tr tr
16 4(n-3) tr —
18 2(n-6) tr tr
18 2(n-6)t tr tr
18:2(n-4) tr —
18 3(n-6) tr tr
18 3(n-3) tr 3.0±1.1
18 4(n-3) tr tr
20:4(n-6) tr tr
20:3(n-3) tr tr
20:5(n-3) 4.2±2.1 3.8±0.6
22:5(n-6) tr tr
22:5(n-3) tr tr
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Fig. 3.1 EPA and DHA concentrations (mean ± SD; n=3) in Acartia tonsa-DT and 
Acartia tonsa-RS sampled on three different days during course of experiment.
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Table 3.2. Ingestion rate, weight and length change, and EPA and DHA content of 
juvenile winter flounder fed two different diets (A. tonsa-RS= Acartia tonsa fed 
Rhodomonas salina and A. tonsa-DT= Acartia tonsa fed Dunaliella tertiolecta) (n=5). 
Weight, length, EPA and DHA content were normalized to the ingestion rate of the fish.
Ingestion rate 
(copepods 
day1)
weight 
(g day*1)
length (mm 
day1)
EPA
(mg g' 1 dw )
DHA
(mg g' 1 dw)
A. fonstf-RS 266 
A. tonsa-DT 320
-0 .0 0 1 0
-0.0005
0.0046
0.0034
0.009
0.006
0.019
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Fig. 3.2 Ingestion rate of juvenile winter flounder on two treatment diets (A. tonsa-RS 
and A. tonsa-DT) over a 10-day feeding period (mean + 1SD (A. tonsa-DT); mean -1SD 
(A. tonsa-RS); n=6 ).
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Table 3.2); however the difference was not statistically significant. Ingestion rates also 
appeared to increase toward the end of the feeding experiment (Fig. 3.2). In both 
treatments, the fish lost weight over the course of the experiment. The average growth 
calculated from standard lengths was respectively 0.16 and 0.10 mm day' 1 in the A. 
tonsa-RS and A. tonsa-DT treatments. Weight and length measurements were normalized 
by dividing them by the average ingestion rate of the fish in each treatment. Juvenile 
winter flounder that fed on A. tonsa-RS lost significantly more weight than the winter 
flounder that fed on A. tonsa-DT (p=0.03). There was not a significant difference in 
length-wise growth between the two treatments (Table 3.2).
Lipid content and fatty acid composition of juvenile winter flounder
Comparison of total fatty acid contents between initial fish and fish in the two diet 
treatments shows that total fatty acid amount was not different between fish fed with A. 
tonsa-RS (39.1±9.1) and A. tonsa-DT (31.2±5.6), but there was a significant difference 
between initial fish (53.6±18.3) and those fed A. tonsa-DT (p=0.002). The amount of 
DHA in the initial fish (1.9±0.6; Table 3.3) was significantly lower than in fish fed A. 
tonsa-RS (4.8±0.6) and A. tonsa-DT (3.9+0.1.2} (p< 0.005; Fig. 3.3). EPA content was 
not different between initial and treatment fish (Fig. 3.3).
In both diet treatments, the most abundant polyunsaturated fatty acids detected in 
the fish included 18:2 (n-6 ) [linolenic], 18:3(n-3) [a-linolenic], 20:4(n-6) [arachidonic], 
20:5 (n-3) [eicosapentanoic] and 22:6(n-6) [docosahexaenoic] (Table 3.3). There were 
significant differences in the amount of EPA and DHA when normalized to the ingestion 
rate of the fish. P. americanus that fed on A. tonsa-RS had significantly higher levels of
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EPA and DHA than those that fed on A. tonsa-T>T (p< 0.05; Table 3.2; Fig. 3.4). The 
turnover rate of DHA on these diets was 0.29 and 0.19 mg g' 1 dw day'1, respectively 
(Table 3.4). Contrarily, EPA content decreased in P. americanus on both diets (-0.07 and 
-0.25 mg g_1dw day1, respectively (Table 3.4).
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Table 3.3. Initial and final fatty acid profile (mg g'1 dw) of juvenile winter flounder fed
two diets. A. tonsa-DT= Acartia tonsa fed Dunaliella tertiolecta; A. tonsa-RS= Acartia
tonsa fed Rhodomonas salina. Values are mean ± SD (n=3); tr = trace amounts (< 2%
total fatty acid); — = not detected; RT= retention time of unknown (min).
Initial A. tonsa-DT A. tonsa-RS
Saturated fatty acids 
12:0 3.1±0.9 2.8±0.9 2.6±1.1
14:0 tr t r . tr
16:0 6.4±2.0 4 5±1.1 5.6±1.4
18:0 2.7±0.8 2.2±0.76 2.6±0.5
20:0 — tr tr
24:0 tr tr tr
Monounsaturated fatty acids 
15:l(n-7) tr
16:l(n-7) 1.4±0.7 tr tr
isol7:0dma tr — —
16:l(n-5) tr tr tr
16:l(n-13)t tr — tr
17:l(n-7) tr — —
18:l(n -l1) tr — —
18:l(n-9) 8.5±3.9 3.0±0.4 4.2±1.5
18:l(n-7) 3.3±1.4 1.1±0.6 1.7±0.7
20:l(n-ll) tr — —
20:l(n-9) tr — tr
20:l(n-7) tr — tr
22:l(n-ll) tr — —
24:l(n-9) tr — —
Polyunsaturated fatty acids 
16:2(n-7) tr _____ _ _ _
16:3(n-6) tr tr tr
16:3(n-4) tr tr tr
16:4(n-3) tr — —
18:2(n-6) 2.8±1.1 1.54±0.3 1.8±0.7
18:2(n-4) tr — tr
18:3(n-6) tr — tr
18:3(n-3) 7.6±4.1 2.2±0.4 3.0±1.7
18:4(n-3) 1.0±0.7 0.6±0.4 tr
20:4(n-6) tr 1.0±0.3 1.2±0.1
20:3(n-3) tr tr tr
20:5(n-3) 2.5±0.7 1.9±0.6 2.4±0.3
22:2(n-6) tr — —
22:5(n-6) tr — —
22:5(n-3) tr tr tr
22:6(n-3) 1.9±0.6 3.9±1.2 4.8±0.6
Total 53.6±18.3 31.2±5.6 39.1±9.1
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Fig. 3.3 Initial and final EPA and DHA concentrations of juvenile winter flounder (mean 
± SD; n=6 ) on two treatment diets (A. tonsa-RS and A. tonsa-DT). Asterisks above bars 
indicate significant differences between treatments (p<0.05; 1-ANOVA).
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Fig. 3.4 EPA and DHA content (mean ± SD; n=6 ) of juvenile winter flounder on two 
treatment diets (A. tonsa-RS and A. tonsa-DT) normalized to the ingestion rate (copepod 
day'1). Asterisks above bars indicate significant differences between treatments (p<0.05; 
1-ANOVA).
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Table 3.4. Turnover rates of EPA and DHA in juvenile winter flounder in the two diet 
treatments in terms of net change (mg g' 1 dw day'1) and percent change (% day'1) 
calculated based on the initial EPA and DHA content of winter flounder (Table 3.3). 
Negative values indicate net loss. A. tonsa-DT= Acartia tonsa fed Dunaliella tertiolecta’, 
A. tonsa-RS= Acartia tonsa fed Rhodomonas salina.
Turnover rate
(mg g'1 dw day'1) (% day'1)
EPA
A. tonsa-DT -0.06 -0.25
A. tonsa-RS -0.02 -0.07
DHA
A. tonsa-DT 0.19 1.0
A. tonsa-RS 0.29 1.5
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DISCUSSION
The present study shows there was a negative change in the weight of the fish. 
Pseudopleuronectes americanus that fed on A. tonsa-RS lost significantly more weight 
than P. americanus that fed on A. tonsa-DT. Although the ingestion rate of P. 
americanus on A. tonsa-RT and A. tonsa-DT was not significantly different, the slightly 
lower ingestion rate of P. americanus on A. tonsa-RS may have resulted in faster weight 
loss in the fish in this treatment.
During the course of the ten-day feeding period, consumption of the prey appears 
slightly higher toward the end of the experiment. Prior to the feeding experiment, P. 
americanus were fed Artemia nauplii, which are slower swimmers and easier to catch. 
The increased ingestion rates at the end of the experiment suggest that it took a few days 
for P. americanus to adapt to the new food item. However, it is not known whether the 
weight loss in both treatments was due to low initial ingestion rate or insufficient food 
supply.
Data on the ingestion rate and prey densities required to support growth in 
juvenile winter flounder is scarce. In a study by Meise et al. (2003), juvenile winter 
flounder were fed 900 organisms (copepods and Artemia) every two days. This value is 
comparable to the amount of food provided in the present study. Neither ingestion rates 
nor weight measurements were made in the study by Meise et al. (2003), thus making 
comparison unfeasible. Food requirements for fish can be calculated on a percent of
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body weight per day basis, depending on fish size and water temperature. In general, it is 
recommended that small fish consume 4-5% of their body weight daily. Based on the 
carbon content of A. tonsa (4.6 pg C cop'1; Tang et al. 1999), and the average ingestion 
rate and weight of P. americanus, the fish consumed roughly 1% of their body carbon on 
these diets daily, or about 2.5% of body weight assuming that carbon accounts for 40% of 
dry weight. This estimation suggests that P. americanus might have been underfed 
during the feeding experiment. Nonetheless, the amount of carbon provided to P. 
americanus during the feeding experiments (18-21 pg C L 1) is much higher than the 
amount of C available from A. tonsa in the Navesink River, New Jersey, a nursery ground 
for juvenile P. americanus. A field study for two consecutive years shows that the 
ambient food concentration based on A. tonsa abundance range from 0.04- 2.93 pg C L"1 
(Chapter 3), suggesting that P. americanus must spend valuable energy foraging or it 
supplements its diet with other organisms.
In the present study, average growth in length in P. americanus ranged from 
0.1-0.16 mm day"1. Based on otolith growth, Sogard et al. (2001) reported somatic 
growth rates of wild post-metamorphic P. americanus between 0.35-1.49 mm day*1.
Meise et al. (2003) reported that when fed with a mixture of Artemia and copepods in the 
laboratory, growth of juvenile winter flounder ranged from 0- 0.47 mm day'1, with an 
average of 0.15 mm day' 1 over twelve days, comparable to our results. In nature, body 
size is an important factor in predator-prey interactions. Veer (1986) reported that 
recently settled plaice (<30mm) were more vulnerable to predation than larger fish. 
Laboratory-reared P. americanus experience lower predation pressure by sevenspine bay 
shrimp once they reach 20 mm SL (Witting and Able, 1993). The more time spent in this
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size range (<20 mm SL) can therefore have an adverse effect on the survival of P. 
americanus. Although the difference in normalized length growth was not significant 
between treatments, P. americanus feeding on A. tonsa-RS grew more than those feeding 
on A. tonsa-UT. These results suggest the fatty acid content of the prey may promote 
survival of P. americanus in terms of length gain, since length-wise growth is more 
desirable than changes in biomass at this stage.
Analysis of the EPA and DHA content of P. americanus shows that fish fed on A. 
tonsa-RS had significantly higher levels of EPA and DHA than those that fed on A. 
tonsa-DT. Fatty acid analysis of A. tonsa shows that A. tonsa-RS had higher levels of 
DHA but not EPA than A. tonsa-DT. According to these results one would expect no 
difference in EPA content in the winter flounder in the two treatments since they were 
obtaining the same amount of EPA from their diet. However, fish fed A. tonsa-RS had 
more EPA in their tissues. A possible explanation for this can be that A. tonsa-RS was 
overall a better food quality item and this prevented the catabolism of EPA for metabolic 
needs. Also, fish fed A. tonsa-DT had lower levels of DHA and perhaps any EPA that 
was available from the copepods to the fish was further elongated and desaturated by the 
fish to produce DHA since there is a higher demand for DHA than EPA (Watanabe, 
1993). Nonetheless, syntheses of EFAs by organisms at rates that can meet their 
metabolic needs are limited (Kanawaza, 1985). Alternatively, EPA may have been 
utilized as an energy source by the fish in that treatment.
Another index used to assess the nutritional quality of food for fish is the DHA: 
EPA ratio. High dietary DHA: EPA ratios are correlated to enhanced growth and 
survival of gilthead seabream larvae (Rodriguez, 1994) and pigmentation success of
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turbot (Rainuzzo et al. 1997). In this study, the DHA: EPA ratio in A. tonsa-RS was not 
significantly different from A. tonsa-DT, but it was slightly higher throughout the 
experiment.
If the fatty acid composition of predators reflects dietary sources of n-3 PUFAs, 
copepods fed D. tertiolecta should lack or have very little concentrations of EPA and 
DHA. In the present study, the EPA content in the two types of copepods was not 
significantly different. Veloza et al. (Chapter 1, in press) reported that the EPA content 
in A. tonsa fed R. salina was significantly higher than in A. tonsa fed D. tertiolecta. The 
amount of EPA in the copepods fed D. tertiolecta in the present study is comparable to 
the one reported by Veloza et al. (Chapter 1, in press), but DHA content is lower in 
copepods on both diets. The inconsistency between Veloza et al (Chapter 1, in press) 
and the present study is likely due to the different experimental designs. In the previous 
study (Chapter 1, in press) copepods were maintained at a density of 40 copepods I'1, and 
the algal diets were standardized to >300 pg C I"1 day’1 for 5 d prior to analysis. In the 
present study, since high numbers of copepods were required for the 10 -day feeding 
experiment, the above conditions were difficult to replicate. Also, copepods were fed the 
two algal species (R. salina or D. tertiolecta) for 3-4 d, instead of five as previously. 
Copepods were kept at densities higher than 40 copepods I'1, and although algal food was 
given everyday, it was not standardized, so food may not have been sufficient to support 
a complete change in the fatty acid content in the copepods. These conditions likely 
affected the ingestion rate of the copepods and subsequently, their fatty acid content and 
composition.
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Comparison of the weight specific fatty acid content (EPA or DHA) in P. 
americanus and A. tonsa shows that the copepods had higher weight specific levels of 
these fatty acids. These results are surprising at first, since juvenile fish have very high 
demands for these nutrients. However, upon further analysis, several potential reasons 
come to mind. First, sequestration of fatty acids may occur much faster in copepods than 
in fish. Veloza et al. (Chapter 1, in press) reported a change in fatty acid composition of 
A. tonsa after feeding the copepods the two algal diets for 5 days. Although in the 
present study no fatty acid analysis was conducted on the copepods prior to the 
experiments, there was a significant difference in DHA content between the copepods fed 
with two different algal diets for 3-4 days (Table 3.1; Fig 3.1). In juvenile fish, due to 
their complexity, incorporation of these fatty acids into their tissues may take longer.
Fish are also much bigger than copepods, so dietary intake of n-3 PUFA would have to 
be very high to attain similar levels of these fatty acids in their tissues. In addition, 
Rainuzzo et al. (1997) suggested that in fish, the absolute dietary content of EPA and 
DHA, as well as their ratio may affect the assimilation of these fatty acids.
Second, life history may have played a role in the amount of n-3 PUFAs present. 
Gwak (2001) reported fluctuations in RNA, DNA and protein content in larval and 
newly-settled Japanese flounder. Chu and Ozkizilcik (1995) also reported changes in 
lipid class content and protein in striped bass (Morone saxatilis) larvae during 
development. Although these changes have been reported mostly in larval forms, 
juvenile fish may experience similar changes in fatty acid content during development.
In a study by Mourente and Tocher (1992), variations in brain DHA were reported at 
different life stages in Atlantic herring. In copepods, storing lipids is critical because
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they are exposed to patchy and relatively short-lived phytoplankton blooms. Copepods 
can use these lipid reserves for energy during periods of low food conditions and 
especially during reproduction when lipid utilization increases. In females, lipids are 
stored in the ovaries and later transferred to developing oocytes (R.F. Lee, personal 
communication). The shorter-life span and the high reproductive need for lipids in 
copepods may be a reason why higher levels of lipids are encountered in this group. 
Lastly, if the amount of food ingested was not sufficient, then dietary lipids may have 
been used by P. americanus to meet metabolic needs. P. americanus fed A. tonsa-DT 
had significantly lower lipid content than the initial fish, suggesting lipid reserves were 
used for energy.
Previous studies have linked dietary PUFAs such as EPA and DHA to somatic 
growth in marine fishes (Watanabe, 1993; Copeman et al. 2002). However, in our study, 
we did not observe a clear link between n-3 PUFA content of the copepod and growth in 
P. americanus. This variation could be the result of different enrichment techniques used 
in the feeding experiments. Live food enrichment in most studies used lipid emulsions to 
achieve the desired fatty acid signature content. The short feeding period as well as the 
low ingestion rate and short enrichment period of prey could have affected our results.
As previously mentioned, ingestion rates were slightly higher towards the end of the 
experiment; perhaps conducting a longer feeding experiment and increasing prey 
abundance would show a stronger impact.
The present study attempted to determine if the fatty acid concentration and 
composition of lower trophic levels affected growth in juvenile fish and their n-3 PUFA 
content. Fatty acid content of P. americanus was affected by the fatty acid signature of
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its prey. P. americanus that were fed A. tonsa-RS had higher levels of EPA and DHA, 
and the total lipid content was not different from the initial fish, while fish fed A. tonsa- 
DT had significantly lower levels of EPA and DHA, and total lipid content decreased. In 
the initial fish, the lower DHA content may be due to feeding with Artemia sp which has 
low DHA, but is high in EPA content (Zhukova et al. 1998). This is consistent with past 
studies where the transfer of fatty acids across several trophic levels was studied (Turner 
and Rooker, 2005; Fraser et al. 1989). However, we did not find a direct relationship 
between dietary LCn-3 PUFA content and growth rate of the fish. Various studies 
suggest there is a link between dietary LCn-3 PUFA content and growth in marine fish. 
For example, growth in larval summer flounder and yellowtail flounder has been shown 
to depend on adequate levels of LCn-3 PUFAs in their diets (Baker et al. 1998; Copeman 
et al. 2002). Nonetheless, there are other factors that affect growth in marine fish.
Dietary protein is an important macromolecule required to support growth and health of 
fish, and it is considered a good indicator of long-term growth. In flatfish, growth of 
larvae and juveniles can be affected by temperature, prey concentrations, genetics, and 
habitat size and quality (Gibson, 2005). Chambers and Leggett (1992) also demonstrated 
that maternal effects influenced the growth of winter flounder past the larval period, and 
differences in food capture efficiencies and metabolism increases variations in growth 
rates among individuals (Gibson, 2005).
Phytoplankton are the primary producers of LCn-3 PUFAs, and laboratory studies 
suggest that during a bloom episode de novo synthesis of LCn-3 PUFAs by algae, can 
supply a significant fraction of the total annual production of n-3 PUFAs in pelagic 
marine ecosystems (Fraser et al., 1989). Nonetheless, production of these fatty acids is
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restricted to specific taxonomic groups and temporal changes in the fatty acid 
composition of phytoplankton communities have been reported. Fraser et al. (1986, 
1989) and Morris et al. (1985) have reported high percentages on n-3 PUFAs during the 
early stages of a bloom episode in an enclosed phytoplankton population. In contrast, 
Kattner et al. (1983) found much lower levels of n-3 PUFAs in a phytoplankton bloom in 
the North Sea. Sargent et al. (1985) and Kattner et al. (1981) also reported varying levels 
of n-3 PUFAs in phytoplankton communities. The wide range of n-3 PUFA content 
found in natural phytoplankton assemblages jeopardizes the nutritional status of 
zooplankton that depend on it for their nutrition, and has the potential to affect the 
survival of larval and juvenile fish that rely on zooplankton for these essential nutrients.
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CHAPTER 4
Nutritional quality of an estuarine nursery for juvenile winter flounder
(Pseudopleuronectes americanus)
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ABSTRACT
This field study was undertaken to determine the nutritional quality of a nursery 
ground for juvenile winter flounder (Pseudopleuronectes americanus) in the Navesink 
River, NJ. Dietary long-chain n-3 polyunsaturated fatty acids (LCn-3 PUFAs) have been 
linked to growth in juvenile flatfish, and may have an implication on habitat quality, fish 
distribution and recruitment. Sampling was conducted in late spring/early summer during 
2004-2005 on two locations where different growth rates for juvenile P. americanus have 
been reported. Physical parameters such as temperature, salinity and Sechii depth were 
measured. Chlorophyll concentration, zooplankton composition and abundance, fatty 
acid content and profile of seston and zooplankton were also measured. There was no 
significant difference between the two locations in any of the above parameters, except 
for seston LC n-3 PUFA content. Chlorophyll content was not different between years; 
however, phaeopigments were higher in 2005, indicating phytoplankton senescence or 
active grazing in the water column. The LC n-3 PUFA content in the zooplankton was 
significantly different between years despite similar zooplankton composition. There 
was no correlation between zooplankton fatty acid content and chlorophyll content. 
Similarly, there was no correlation between sestonic and zooplankton LC n-3 PUFA 
content. This lack of correlation suggests that zooplankton were not solely dependent on 
the phytoplankton for their nutrition. The low abundance and low LC n-3 PUFA content
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of the zooplankton suggested the sampled area was nutritionally suboptimal for juvenile 
P. americanus during the study period.
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INTRODUCTION
Fish recruitment is a key issue in fisheries management (Hilbom and Walters, 
1992). Mortality is very high and variable during the early life stages, and as a result 
there is intense pressure to identify the biotic and abiotic factors that govern fluctuations 
in fish recruitment (Sogard et al. 2001). Year-class strength in flatfishes is determined 
mainly during the larval or early post-settlement stages (Gibson, 1994). After ‘settlement, 
predation can be very intense (Bailey, 1994) and fast growth becomes an important factor 
in reducing size-selective predation (Sogard, 1997). For example, the sand shrimp 
(Crangon crangon) is a voracious predator of newly settled flatfish (Ansell et al. 1999); 
however, once plaice and winter flounder reach 20-30 mm in length, they have some 
immunity to predation by C. crangon.
Factors that affect growth in larval and juvenile flatfish include temperature, 
density, maternal effects and food (Gibson, 2005). Prey abundance and growth are 
generally positively correlated; however there are cases when food levels do not appear 
to affect growth rates (Gibson, 2005). Food quality is also an important factor affecting 
growth in some species. For example, laboratory studies have shown that Japanese 
flounder, turbot, summer flounder and yellowtail flounder are susceptible to changes in 
the nutritional quality of their food, primarily long-chain n-3 polyunsaturated fatty acids 
(LCn-3 PUFAs) (Estevez et al. 1999; Baker et al. 1998; Copeman et al. 2002). Previous 
laboratory studies suggest the nutritional quality of prey, in terms of LC n-3 PUFA 
content, affected the fatty acid composition of juvenile winter flounder, and winter
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flounder fed prey with higher LC n-3 PUFA content grew slightly faster in length 
(Chapter 2).
Long-chain n-3 PUFAs such as eicosapentaenoic acid (EPA; 20:5(n-3)) and 
docosahexaenoic acid (DHA; 22:6(n-3)) are essential for optimal growth and 
development in larval and juvenile fish (Watanabe, 1993). Dietary deficiency of DHA 
has been linked to malpigmentation in larval and juvenile flatfish (Estevez and 
Kanazawa, 1996), behavioral abnormalities in herring larvae (Navarro and Sargent, 1992) 
and inability of juvenile herring to feed at low light intensities (Bell et al. 1995). Bell and 
Sargent (1996) also suggested that lack of DHA could lead to starvation, and affect 
predator avoidance behavior.
Winter flounder (.Pseudopleuronectes americanus), like other flatfishes, are 
among the most well studied fish because their habitats are fairly accessible. Newly 
settled juvenile winter flounder use shallow, nearshore, warm estuaries as nursery 
grounds. Estuaries are highly dynamic ecosystems and environmental factors could 
change rapidly over time and space, causing significant differences in growth of juvenile 
winter flounder (Manderson et al. 2002). However, to date, information on their habitat 
is mostly limited to physical parameters such as salinity and temperature, sediment and 
depth distribution (Gibson 1994). Stoner et al. (2001) further noted that descriptions of 
habitat association seldom included the juvenile stages, and understanding of the possible 
interactions between the different environmental factors that influence flatfish 
distribution and growth is poor.
The Navesink River/ Sandy Hook Bay estuarine system (NSHES) (Fig 4.1) is a 
winter flounder spawning ground (Stoner et al. 1999) and nursery (Phelan et al. 2000) for
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juveniles. The estuary is flood-dominated and it has a semi-diurnal tide cycle, with a 
tidal range of nearly 1.4 m. Temperature ranges from 0°C during the winter to over 30°C 
during the summer. The river bottom has mostly muddy to sandy sediments, and 
vegetation includes small patches of the seagrass Zostera marina, sea lettuce Ulva 
lactuca and the red algae Gracilaria sp. Temporal and spatial variations in P. 
americanus growth rates within the estuary have been reported. A study by Manderson 
et al. (2002) showed that P. americanus growth rates as well as prey densities in the river 
varied near the McClees creek. The mouth of this small creek has higher prey density 
and is an area where a large number of juvenile winter flounder settle (L. Stehlik, 
personal communications); however, to the west of the creek both prey densities and 
growth rates of juvenile P. americanus are lower. The higher prey availability to the east 
of this creek may explain the higher growth rates observed at that location since other 
factors such as salinity, temperature and sediment grain size were not different.
That prey abundances play an important role in the distribution of winter flounder 
has been suggested (Stoner et al. 2001). Nonetheless, there is little information on the 
nutritional quality of the prey. Newly-settled winter flounder (15-39 mm) feed primarily 
on the calanoid copepods Acartia hudsonica and Eurytemora affinis (Stehlik and Meise, 
2000). Shaheen et al. (2001) reported that in the laboratory, juvenile winter flounder 
preferred E. affinis over A. hudsonica when offered a choice. They suggested this 
selection may be due to differences in their behavior, morphology or nutritional value. It 
has been shown that the nutritional quality of zooplankton is dependant on the quality of
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Fig. 4.1 Study sites in the Navesink River/ Sandy Hook Bay estuarine system, New 
Jersey.
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its prey (Chapter 1, in press). Phytoplankton is the primary producer of LCn-3 PUFAs, 
nonetheless, production of these fatty acids is limited to specific taxonomic groups and 
temporal changes in the fatty acid composition of phytoplankton communities have been 
reported (Fraser 1986, 1989; Morris et al. 1985). Changes in the production of essential 
nutrients at lower trophic levels can affect the dietary quality of zooplankton that rely on 
them for nutrition, and can potentially have an effect on the survival of juvenile fish that 
depend on zooplankters for these essential nutrients. The purpose of this two-year study 
was to assess, for the first time, any spatial and temporal variations in the nutritional 
quality of the Navesink River nursery. Since the availability of important biochemical 
constituents such as n-3 PUFAs is linked to biological and environmental conditions that 
can change rapidly over time and space, information on food quality variability may help 
assess habitat suitability for juvenile P. americanus.
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MATERIALS AND METHODS 
Zooplankton abundance and biochemical composition
Field sampling was conducted during May and July of 2004 and 2005 at the 
Navesink River. The study sites, one to the east and one to the west of the McClees 
Creek, (RE and RW) were sampled twice each month. Zooplankton were collected by 
horizontal net tows with a standard ring net of 0.5 m diameter with 200-pm mesh and a 
filtering cod end. A flowmeter was attached to the net opening to record the filtered 
volume. The net was dragged just below the surface at a speed of ~ 1 knot for approx. 2-3 
min. At each sampling, two tows were made at each station, one for zooplankton 
abundance and one for fatty acid composition. Cod end contents from each tow were 
transferred to separate jars and kept in a cooler with ice on board. Upon arrival to the 
NOAA James Howard Laboratory at Sandy Hook, samples for abundance were preserved 
in jars with 1 0 % buffered formalin; samples for fatty acid analysis were concentrated on 
a piece of nylon mesh, rinsed with filtered seawater and placed in clear Petri dishes at -80 
°C until biochemical analysis at the Virginia Institute of Marine Science (VIMS). In 
2004, zooplankton samples from May 25 and June 2 were not analyzed for fatty acid 
content because copepod abundance was very low. Upon arrival at VIMS, the 
zooplankton samples for abundance were divided with a Folsom splitter, and counted 
(usually 1/64 of sample) using a dissecting microscope.
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Chlorophyll and physical parameters
At each sampling station we measured the surface water salinity and temperature 
with an YSI model 85. Water clarity was measured with a Secchi disk. Surface water 
aliquots (150ml) were collected in triplicate for chlorophyll measurements. Water was 
filtered onto GF/F filters at the NOAA James Howard laboratory and stored in centrifuge 
tubes at -20 °C until they were sent to VIMS. At VIMS chlorophyll was extracted with 
90% acetone overnight in the dark, and measured with a TumerDesign TD-700 
fluorometer (Parsons et al. 1984).
Seston biochemical composition
In 2005, additional water samples were taken to measure seston biochemical 
composition. Surface water (500ml) was collected in triplicate and kept on ice on board. 
In the laboratory, the water samples were filtered onto GF/F filters and stored in glass 
tubes at -80 °C until biochemical analysis.
Lipid analysis
Lipid was extracted by homogenizing the samples in a mixture of chloroform: 
methanol: water (2:2:1 by volume) according to Folch et al. (1957) and Bligh and Dyer 
(1959). A two-phase system was created with the upper phase (aqueous) containing the 
non-lipid impurities. The lower phase (chloroform- containing lipids) was removed and 
evaporated to dryness with nitrogen. Lipids were then re-suspended in 1:1 chloroform: 
methanol and stored at -20°C until fatty acid analysis. For fatty acid analyses, each lipid 
sample was transesterified with boron trifluoride (BF3) and hexane, and heated for 15 min
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at 100°C (Metcalfe and Schmitz, 1961). Samples were then extracted with carbon 
disulfide, and the organic phase was evaporated under nitrogen and re-suspended in 
hexane (Marty et al., 1992). The fatty acid methyl esters (FAMEs) were analyzed 
according to Chu and Ozkizilcik (1995) using gas/liquid chromatography and identified 
by comparing their retention times with known standards (Sigma, Supelco, Bellefonte, 
USA).
Differences in salinity, temperature, chlorophyll and zooplankton fatty acid 
content were tested between years and stations with 2-way ANOVA. Seston fatty acid 
content differences between stations were tested with 1-way ANOVA followed by a 
Tukey test. To determine if there was a relationship between chlorophyll and 
zooplankton and seston fatty acid content linear regression analysis was conducted 
between those factors.
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RESULTS
Physical conditions
Temperature was significantly higher in 2004 (mean±SD hereafter; 23.5±1.1°C) 
than in 2005 (19.4±5.0 °C) (p=0.044; Fig 4.2). There was no difference in temperature 
between stations. Salinity was significantly higher in 2004 (20.9±1.2 ppt) than in 2005 
(18.2±1.7 ppt) (p=0.005) (Fig 4.2). Secchi depth was not different between years or 
stations (0.5-1.5 m).
Chlorophyll
There was little variation in chlorophyll-a concentration between stations or 
years. In 2004, chlorophyll-a concentration ranged from 8.7±0.4 to 23.8±5.9 pg L' 1 in 
station RE, and 7.1 ±0.2 to 22.2±0.9 pg L' 1 in RW. Mean±SD concentration for that year 
was 13.1±6.7 pg L 1 (Fig 4.3). In 2005, chlorophyll-a concentration in station RE ranged 
from 9.0±0.9 to 20.7±1.6 pg L'1, and in RW, it ranged from 7.8±0.3 to 18.9±0.8 pg L'1. 
Mean±SD chlorophyll-a concentration for 2005 was 13.7±5.0 pg L' 1 (Fig 4.3).
There was no significant difference in phaeopigments concentration between 
stations. However, phaeopigments were significantly higher in 2005 (12.0±2.5 pg L 1; 
p<0.001) than in 2004 (6.1±1.6 pg L 1; Fig 4.3). Chl-a: phaeopigment ratio was also 
significantly lower in 2005 (1.1±0.2; p< 0.05) than in 2004 (2.0±0.6; Fig 4.3).
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Fig. 4.2 Salinity and temperature (mean±SD; n=2) in 2004 and 2005.
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Fig. 4.3 Chlorophyll-a concentration, phaeopigment concentration and Chl-a: 
phaeopigments ratio (mean±SD; n=24) in 2004 and 2005. Asterisks above bars indicate 
significant difference between years (p<0.05; 1-ANOVA).
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Zooplankton composition
In 2004, zooplankton composition was dominated by the copepod Acartia 
hudsonica, gastropods (veligers) and eggs (unknown source). The calanoid copepod 
Eurytemora affinis was abundant at the beginning of the sampling period (Fig 4.4). On 
the third sampling date, zooplankton biomass was very low in both stations compared to 
the other sampling dates. Gelatinous zooplankton was abundant on that date, and 
included the schiphozoan Chrysaora spp. and the ctenophore, Mnemiopsis spp.
In 2005, E. affinis was also the most abundant copepod at the beginning of the 
sampling period, while A. hudsonica abundance was higher at the end. Barnacle and 
copepod nauplii were also present later in the sampling period (Fig 4.4). No gelatinous 
zooplankton was found in 2005.
Zooplankton fatty acid
The most abundant fatty acids in the zooplankton both years included 14:0, 16:0 
[palmitic acid], 18:3(n-3)[a-linolenic], 18:4 (n-3), 20:5 (n-3) [eicosapentanoic] and 
22:6(n-6) [docosahexaenoic]. Total fatty acid content was higher in 2004 than in 2005, in 
both stations (Table 4.1).
There was no significant difference in EPA content between years or stations.
EPA content in 2004 was 10.5±3.4 pg mg' 1 dw, while in 2005 it was 8.3±2.1 pg mg' 1 dw 
(Fig. 4.5). In 2004, DHA content was significantly higher than in 2005 (14.0±1.6 and 
10.0±1.7 pg mg' 1 dw, respectively, p= 0.009; Fig. 4.5). There was no significant 
difference between stations. Correlation between zooplankton DHA: EPA ratio and Chl- 
a: phaeopigment was not significant (Fig. 4.6; p=0.835).
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Table 4.1. Fatty acid profile (pg mg'1 dw) of zooplankton in 2004 (n=12) and 2005
(n=24) at both stations. Values are mean ± SD; tr = trace amounts (< 2% total fatty acid);
— = not detected.
RE 2004 RW 2004 RE 2005 RW 2005
Saturated fatty acids 
12 :0 tr 1.1±0.5
14:0 4.5±0.3 4.0±1.3 2 .8±1.1 2.9±1.3
16:0 19.7±1.2 17.4±3.6 9.3±2.0 9.8±2.6
18:0 4.1±0.5 3.5±0.5 2 .1±0 .8 2 .2 ±1.0
Monounsaturated fatty acids 
16:l(u-7) 3.6±0.5 3.2+1.3 2.3±1.2 2.2±0.7
18:l(n-9) 3.7±0.3 3.3±0.5 1.2±0.3 1.4±0.4
18:l(n-7) 2 .1±0 .0 1.8±0.4 tr —
20:l(n-9) — tr tr tr
Polyunsaturated fatty acids 
16:4(n-3) tr tr tr
18:2(n-6) 2.4±0.0 2.1±0.5 tr tr
18:3(n-6) — — tr tr
18:3(n-3) 5.7±0.4 5.3±0.9 2.4±1.0 2.4±1.1
18:4(n-3) 5.5±0.2 5.2±1.2 2.0±3.3 1.6±2.5
20:4(n-6) tr 0.9±0.2 tr tr
20:3(n-3) — tr 0 .2 ±0 .0 tr
20:5(n-3) 11.3±0.6 9.8±3.0 8.2±2.4 8.4±2.3
22:5(n-6) 0.4±0.1 tr — —
22:5(n-3) 0.9±0.1 tr — —
22:6(n-3) 14.3±0.6 13.6±2.6 9.7±2.0 10.4±1.6
Total 85.8±2.1 78.7±18.2 54.8±15.3 58.6±16.4
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F i g .  4 .5  EPA and DHA content of zooplankton in 2004 (mean±SD; n=12) and 2005 
(mean±SD; n=24). Asterisks above bars indicate significant difference between years 
(p< 0.05; 1-ANOVA).
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Fig. 4.6 Regression between Chl-a: phaeopigments ratio and DHA:EPA ratio in 
zooplankton. Each point represents the mean value for each station. There was not a 
significant relationship between the two factors (p= 0.835).
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Seston fatty acids
In station RE, the most abundant seston fatty acids included 14:0,16:0,18:2(n-6), 
and 20:5 (n-3). In station RW, in addition to the previously mentioned fatty acids, 
16:3(n-3), 18:3(n-3) and 22:6(n-6) were also abundant. There was no difference in total 
lipid content between the two stations (Table 4.2).
EPA content in the surface water was not significantly different between stations 
(Fig. 4.7). In station RE, surface water EPA concentration was 8.4±3.4 pg L 1, while in 
station RW, it was 10.0±3.6 pg L'1. DHA content was significantly different between 
stations. Station RW had higher levels of DHA than station RE (Fig. 4.7; p=0.028). The 
DHA: EPA ratio ranged from 0.92-1.01 in both stations. There was no significant 
correlation between DHA: EPA ratio in seston to Chl-a: phaeopigments or zooplankton 
DHA: EPA ratio (Fig. 4.8; p>0.05).
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Table 4.2. Seston fatty acid profile (pg L'1 SW) for 2005 at both stations. Values are
mean ± SD (n=12); tr = trace amounts (< 2% total fatty acid); — = not detected
RE RW
Saturated fatty acids
1 2 :0 tr tr
14:0 8.5±3.0 9.6±3.0
16:0 32.6±18.7 37.3±23.5
18:0 3.9±0.8 4.5±0.6
18:0dma 0.9±0.5 tr
Monounsaturated fatty acids
16:l(n-7) 7.9±3.2 8.9±3.6
16:l(n-5) 5.8±6.1 6.1  ±6 .6
18:l(n-9) 4.1 ±2 9 5.2±4.4
18:l(n-7) 4.6±1.9 5.1±2.2
20:l(n-9) 4.8±2.1 5.8±2.3
Polyunsaturated fatty acids
16:3(n-3) — 17.1 ±24.4
16:4(n-3 — tr
18:2(n-6) 8.3±9.2 10.9±13.1
18:3(n-3) — 14.4±8.9
18:4(n-3) — 3.9±3.3
20:5(n-3) 8.5±3.7 10.2±3.6
22:6(n-3) 7.8±3.2 10.3±2.2
Total 195.2±95.5 220.4±119.4
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Fig. 4.7 EPA and DHA content of seston in 2005. RE and RW are the two stations 
sampled (mean±SD; n=12). Asterisks above bars indicate significant difference between 
stations (p<0.05; 1-ANOVA).
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Fig. 4.8 Regressions between sestonic DHA: EPA and Chl-a: phaeopigments and 
zooplankton DHA: EPA. Each point represents the mean value for each station. There 
was not a significant relationship between factors (p> 0.05).
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DISCUSSION
In estuaries, copepods are numerically and by weight the major taxonomic group 
(Mauchline, 1998). Differences in the distribution of species within the estuary are 
typically explained by variations in temperature and salinity. Mixing of freshwater with 
adjacent seawater reduces the salinity and promotes the occurrence of endemic species 
such as Acartia and Eurytemora spp. (Mauchline, 1998). In the Navesink River, Acartia 
hudsonica and Eurytemora affinis dominated the zooplankton taxa, and at times 
accounted for nearly 99% of the zooplankton in our samples. There were temporal 
differences in their distribution. In both years, E. affinis was the dominant species early 
in the field season (May). Viitasalo et al. (1994) studied the response of Acartia bifilosa 
and E. affinis to abiotic factors in the northern Baltic Sea, and concluded that A. bifilosa 
abundance was positively correlated with salinity while E. affinis had a strong negative 
correlation with this parameter. Vuorinen and Ranta (1987) found a negative correlation 
between E. affinis abundance and temperature in the Archipelago Sea. In the present 
field study, temperatures and salinities were lower in early May. The presence of E. 
affinis is likely due to low salinity and temperature at this time period. The abundance of 
A. hudsonica increased as temperatures and salinities increased, suggesting there is a shift 
in zooplankton composition as the summer evolves. The year 2004 was characterized by 
higher salinities and temperatures. During this year the abundance of E. affinis was also 
lower, while A. hudsonica dominated the zooplankton composition. Copepod densities
8 6
were as high as 649 individuals m' 3 on some dates. In estuaries, copepod densities can be 
over 10 individuals m' . Our results suggest that although copepods were the dominant 
taxa, copepod densities were relatively low during the sampling time period.
Total fatty acid content and DHA content of the zooplankton was higher in 2004 
than in 2005; however, EPA and DHA content in the zooplankton is comparable to the 
fatty acid content of A. tonsa collected from the York River and those fed the poor 
quality algae Dunaliella tertiolecta (Chapter 1, in press). In 2004, A. hudsonica was the 
dominant copepod species, while in 2005 E. affinis was the most abundant. These results 
are unexpected since E. affinis is known to have an oil sac, thus presumably having 
higher lipid content. It is not clear why DHA content varied between years since 
zooplankton composition was similar. Perhaps A. hudsonica is a better source of DHA 
than E. affinis, although it is unlikely since both copepods depend on their diet to obtain 
this fatty acid. Alternatively, dietary sources of DHA might be richer in 2004 than in 
2005, and zooplankton obtained higher levels of these fatty acids on that year.
Long-chain n-3 PUFAs serve important roles in physiological processes (e.g. Bell 
and Sargent, 1996; Brett and Muller Navarra* 1997), and some are considered essential 
because they cannot be synthesized by organisms other than phytoplankton. However, 
Spector (1999) noted that although EPA is necessary for eicosanoid formation, DHA is 
likely considered the essential moiety of the n-3 family. In addition to serving as a 
structural component in cell membranes and the formation of neurological tissue (Bell 
and Sargent, 1996), DHA has also been linked to zooplankton growth. Jonasdottir et al. 
(1995) reported DHA in seston was strongly correlated with egg production rates in the 
calanoid copepods Acartia hudsonica and Temora longicomis. During this study, DHA
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content in zooplankton was higher than EPA in both years. This is consistent with earlier 
laboratory observations. Veloza (chapter 1, in press) reported that the copepod Acartia 
tonsa, regardless of diet, had higher amounts of DHA than EPA. The higher 
concentrations of this compound in zooplankton further supports the idea that DHA is 
essential for this group and that it may be preferentially assimilated over EPA in 
planktonic food webs.
Kainz et al. (2004) measured n-3 PUFA content across several trophic levels and 
concluded that EPA and DHA had high accumulation factors from seston to 
mesozooplankton. In the present study, EPA and DHA were ubiquitous in the seston and 
zooplankton. Nonetheless, linear correlation analysis between net EPA and DHA content 
and DHA: EPA ratios in seston and zooplankton did not show a relationship between 
 ^ these factors. Similarly, results of linear correlations analysis showed that neither net 
EPA and DHA content nor the DHA: EPA ratio in zooplankton was affected by Chl-a: 
phaeopigment ratio. Due to the limited ability of zooplankton to synthesize fatty acids 
such as EPA and DHA, zooplanktons rely on their diet to obtain these nutrients. The 
observed lack of correlation between DHA: EPA ratio in zooplankton and DHA: EPA 
ratio in seston or Chl-a: phaeopigment ratio suggests that zooplankton in this estuary may 
be preying on non-photosynthetic organisms, or taxonomic composition may be affecting 
the PUFA signature since organisms may vary in their n-3 PUFA retention abilities. In 
addition, seston analysis most likely did not include solely phytoplankton cells, but also 
microzooplankton and other particulates. Correlation of seston DHA: EPA ratio and Chl- 
a: phaeopigment did not show a relationship, further supporting the thought that 
phytoplankton was not the only source of EPA and DHA in the samples.
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The DHA: EPA ratio in the zooplankton in this study ranged from 0.5 to 1.0. In 
laboratory studies, the DHA: EPA ratio of A. tonsa feeding on phytoplankton, including 
poor and good quality algae, was similar (1.3) while feeding on the heterotrophic protist 
O. marina was lower (4.8) (Chapter 1, in press). The range of ratios observed during this 
study suggests that in addition to phytoplankton, other organisms such as heterotrophic 
protists were part of the copepods’ diet. Heterotrophic protists are ubiquitous members 
of the nanoplankton and microplankton in estuarine waters (Stoecker and Capuzzo,
1990), and are readily consumed by zooplankton (Gifford and Dagg, 1991).
Chlorophyll measurements in the present study were conducted to assess biomass 
and determine the physiological state of the phytoplankton. Chlorophyll concentrations 
were typical of estuarine systems (>5 - < 20 pg L'1). In 2005, Chl-a: phaeopigment ratios 
were lower than in 2004. Phaeopigments are degradation products of chlorophyll. The 
lower ratio observed during 2005 may indicate that (1) the algal cells were in senescent 
phase, (2) there was active grazing or (3) bottom sediments were resuspended.
The Navesink River estuary serves as a nursery ground for P. americanus (Phelan 
et al. 2 0 0 0 ) during the winter when the fish migrate from the ocean to the upper portions 
of the estuary to spawn. Survival from juvenile to adulthood is the most critical stage 
during its life history (Litvak, 1999). It has been suggested that high growth rates during 
this stage would reduce size-selective predation pressure (Ellis and Gibson, 1995), and 
perhaps increase recruitment (Gibson, 2005).
Since marine fish have limited abilities to bioconvert precursor fatty acids chains 
(C l8 PUFAs) to EPA and DHA (Sargent et al. 1989), these essential fatty acids are 
obtained through their diet. In the case of planktivorous fish, such as juvenile P.
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americanus, zooplankton are the primary source for these fatty acids. In the Navesink 
river estuary, post-metamorphic P. americanus feed primarily on the calanoid copepods, 
E. affinis and A. hudsonica (Stehlik and Meise, 2000). Laboratory studies have shown 
that like their predators, the presence of fatty acids such as EPA and DHA in zooplankton 
varies depending on the quality of their prey. Veloza et al (Chapter 1, in press) showed 
that the fatty acid composition of the copepod A. tonsa was affected by the type of food 
consumed. A. tonsa feeding on the poor quality microalga Dunaliella tertiolecta had the 
lowest levels of EPA and DHA (6.5 and 8.3 jug mg' 1 C, respectively) compared to those 
that fed on Rhodomonas salina (21.9 and 27.7 jig m g1 C) and the heterotrophic protist 
Oxyrrhis marina (7.5 and 36.0 jig mg' 1 C). In the present field study, EPA and DHA 
concentrations ranged from 8.3-10.5 and 10.0-14.0 jig mg' 1 dw. This suggests that if the 
copepods are mainly herbivorous, phytoplankton biomass was low and/ or the type of 
phytoplankton consumed by the copepods during the sampling time period in both years 
was nutritiously undesirable in terms of LC n-3 PUFA content. If that is the case, there 
are important implications for the transfer of essential fatty acids to higher trophic levels. 
Limited availability of these fatty acids in the phytoplankton could result in poor transfer 
of n-3 PUFAs to zooplankton and subsequently to juvenile winter flounder. Furthermore, 
low levels of EFAs not only affect the fatty acid content of copepods and their nutritional 
quality, but also affect their reproductive capabilities that bear an effect on prey 
abundances for planktivorous fish.
In the present study, the LC n-3 PUFA content of the zooplankton was low, 
rendering them a nutritiously poor food item for juvenile P. americanus. The Navesink 
river estuary is a known nursery ground for winter flounder, yet our results show that the
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nutritional quality of this habitat could be suboptimal for juvenile winter flounder at 
times.
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CHAPTER 5
SUMMARY AND CONCLUDING REMARKS
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Planktonic food webs and LCn-3 PUFAs
Long-chain n-3 polyunsaturated fatty acids (LCn-3 PUFAs) were the focus of my 
thesis due to their significant role in regulating production across multiple trophic levels. 
Past research has focused on the factors that affect LC n-3 PUFA production in 
phytoplankton, and the roles of these fatty acids in the development and growth of marine 
organisms, especially fish. However, the role of other microorganisms in the production 
of these fatty acids has received little attention, much less how interactions among 
organisms within and between trophic levels affect their transfer up the food web. Klein 
Breteler et al. (1999) introduced the concept of “trophic upgrading” to describe the results 
where heterotrophic protists enhanced the quality of essential fatty acids obtained from 
their diet. Copepod production was also enhanced by feeding on these heterotrophs 
versus the algae. These results suggest that the availability of n-3 PUFAs in food webs 
may not solely depend on phytoplankton production but that availability and efficient 
transfer of these nutrients to higher trophic levels may be influenced by trophic 
interactions among the plankton.
In this thesis, I have shown how the interactions among different plankton groups 
(phytoplankton, heterotrophic protists, and copepods) affect the transfer of essential fatty 
acids to higher trophic levels. The major findings are:
(1) Heterotrophic dinoflagellates fed algae of poor nutritional quality contained
significantly higher levels of EPA and DHA than their food source. My results
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suggest that the heterotrophic protists enhanced the nutritional value of poor 
quality algae by elongating and desaturating precursor fatty acids.
(2) Differences in upgrading abilities were observed between two heterotrophic 
protist species. My results indicate that there may be inherent differences in the 
type and amount of fatty acids required by each species, and their abilities to alter 
dietary fatty acids.
(3) The fatty acid profile of the copepod Acartia tonsa reflected the fatty acid 
composition of its prey. Changes in fatty acid content occurred within five days 
of feeding on a specific diet. These results point out the sensitivity of these 
organisms to changes in the quality of their food, and their ability to preserve the 
essential fatty acid signature of the lower trophic levels.
(4) The fatty acid content of juvenile winter flounder (Pseudopleuronectes 
americanus) fed A. tonsa of different nutritional quality was affected by the fatty 
acid signature of its prey. A direct relationship between dietary n-3 PUFA 
content and growth rate of the fish, however, was not found.
(5) A field study in a nursery ground for juvenile winter flounder showed that food 
abundance and quality in the estuary is at times suboptimal for juvenile P. 
americanus, and integration of these parameters along with other environmental 
factors would be needed to assess the habitat quality for this species.
The results of my thesis show that although phytoplankton with low levels of
LCn-3 PUFAs in an ecosystem is not a desirable situation, the presence of heterotrophic
protists in the plankton can introduce these essential nutrients back into the food chain,
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and ameliorate any deleterious effects. Processes that regulate zooplankton production 
are inherently linked to fisheries yield. Understanding the dynamics of these essential 
nutrients among the plankton is therefore important for better fisheries management.
Future Research Needs
Long chain n-3 polyunsaturated fatty acids are only a subset of the different types 
of biomolecules that can affect secondary production. Klein Breteler et al. (2004) 
suggested lack of sterols in nutritiously poor algae may also affect growth in 
zooplankton. The role of other compounds such as sterols in zooplankton production, as 
well as the ability of heterotrophic protists to upgrade these molecules needs to be 
investigated. The results of this study also suggest that the production of n-3 PUFAs was 
achieved through elongation and desaturation of precursor fatty acids, nonetheless these 
results are not definite and the ability of these organisms to synthesize LCn-3 PUFAs de 
novo needs to be explored using stable isotopes.
Heterotrophic protists are a diverse group of organisms, and until recently they 
were merely viewed as the link between the microbial world and planktonic food webs. 
Furthermore field studies seldom differentiate between autotrophic and heterotrophic 
protists, which makes it difficult to establish the impact these organisms have on the 
ecosystem. It is clear that more analytical work needs to be done to establish if trophic 
upgrading is a common phenomenon among this group and how their presence affects the 
production and transfer of essential nutrients in the food webs.
In chapter 3 of this thesis, I studied the transfer of essential fatty acids from 
phytoplankton to copepods to fish. A difference in the growth rate of juvenile winter
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flounder was not observed, however, I believe food limitation rather than food quality 
was responsible for my results. Further studies should be conducted to corroborate these 
results. Perhaps a longer feeding experiment (about 2-3 weeks) with higher prey 
densities would provide clearer results. Also, I had previously attempted to culture 
heterotrophic dinoflagellates to feed the copepods and then feed the copepods to the fish. 
Unfortunately, the densities required to maintain the copepod cultures were too high and I 
was unable to directly test how heterotrophic protists as intermediate prey affected the 
transfer of n-3 PUFAs from copepods to fish.
The nutritional quality of a nursery ground in New Jersey for juvenile winter 
flounder was analyzed in terms of prey abundance and prey nutritional quality in two 2 - 
month periods. Due to the dynamic nature of the estuary, food quality could change 
rapidly in time and space, making it difficult to accurately evaluate the habitat quality in a 
short time. Instead, a field study that extends to a full year or multi-years will be needed 
to determine any variability and the possible causes of variability in the nutritional status 
of the estuary.
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